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Abstract 
Radio frequency microelectromechanical system (RF MEMS) capacitive switches show 
great promise in radio frequency applications by combining the advantageous properties of both 
mechanical and semiconductor switches. The unique features of RF MEMS include their high 
isolation, excellent linearity, and extremely low insertion loss. However, their high actuation voltage, 
low switching speed, dielectric charging, and fabrication complexity are areas of concern. 
Accordingly, the objective of this thesis is to design, fabricate, and characterise a low actuation 
voltage RF MEMS shunt capacitive switch. 
An RF MEMS shunt capacitive switch at both up and down states behaves as a capacitor. 
Therefore, matching between the input and output of the switch is affected by varying the 
operation frequency. Although increasing the amount of capacitance at the up state reduces the 
actuation voltage, it deteriorates the RF parameters. In this work, two short high-impedance 
transmission lines (SHITLs) are included at both ends of the RF MEMS switch, implemented 
through the adoption of a Co Planar Waveguide (CPW) transmission line. Thus, the switch with 
the two SHITLs can be modelled as a T circuit, neutralising a capacitance behaviour of the 
MEMS switch at the up state. Measurements demonstrate that the proposed method not only 
significantly improves the matching between the input and output ports, but also results in a 
wider bandwidth.  
Also, this thesis introduces a new shape for the actuation-voltage waveform to reduce the 
dielectric charging in capacitive MEMS switches. The proposed waveform, Ramp Dual Pulse 
(RDP), along with three other reported waveforms (square wave, dual pulse, and novel dual-
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pulse) are studied using equivalent-circuit and equation based models. The analytical results 
show that the proposed actuation-voltage waveform significantly reduces the dielectric charging, 
leading to a longer switch lifetime.  
Then, this work develops a new and convenient fabrication process to realize a flat and 
plannar bridge for the RF MEMS switch based on the extra hard bake of the photoresist and a 
unique releasing technique. This fabrication process consists of 5 photolithography steps, 3 
sputtering steps for depositing Aluminium, and a unique dry release step. In this method, the 
sacrificial layer is patterned and hard baked at 220oC for 3 minutes, after filling the gap between 
the slots of the coplanar waveguide. Moreover, a mixture of O2, Ar and CF4 is used and 
optimised to release the bridge. The scanning electron microscopy (SEM) results show that the 
deposition of the metal becomes uniform along the bridge due to a ramp shape anchor. 
Moreover, the atomic force microscopic (AFM) results demonstrate that the gap due to the 
uneven surface of the CPW is reduced from 300 nm to less than 20 nm.  
Finally, the fabricated switch is evaluated by using a Vector Network Analyser and a 
Laser Doppler Vibrometer. At the up state, the switch has a return loss less than -20 dB in the 
entire frequency band (C-K). Moreover, the isolation at the down state is better than 10 dB for 
the lower frequencies, and increases to values better than 18 dB for higher frequencies. The 
measured pull-in voltage is almost 20V and the mechanical resonant frequency is 164 kHz. As a 
result, the switching speed of this switch reaches 3 μs which is 10 times faster than the existing 
low actuation voltage RF MEMS switches. The measurements are in reasonable agreement with 
the analytical and finite-element simulation results achieved by using ElectroMagnetic 3D 
Simulator (EM3DS), Agilent Design Software (ADS), and Coventorware. The proposed 
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fabrication process may pave the way for the monolithic integration with compound 
semiconductor Monolithic Microwave Integrated Circuit (MMICs) for highly integrated and high 
performance multi-functional circuits.  
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1 INTRODUCTION 
1.1 Background 
MEMS  stands for Micro Electro Mechanical Systems, an acronym that was originated in 
the USA, is also referred to as Microsystem Technology in Europe and as Micromachines in 
Japan. Regardless of its terminology, it is a technology that facilitates the batch fabrication of 
miniature devices in the range of a few micrometres to a few millimetres that combine 
mechanical and electrical components on the same substrate [1, 2]. 
MEMS is an interdisciplinary field of engineering with contributions from various fields, 
including electrical and electronic engineering, mechanical engineering, integrated circuit 
technology, chemistry, materials science and physics (Figure 1.1). Therefore, a range of devices 
and synergies across previously unrelated fields have become a reality [3, 4]. In addition, MEMS 
with its batch fabrication features enables components and devices to be manufactured with 
increased performance and reliability, combined with the obvious advantage of reduced physical 
size, volume, weight and cost [5]. Accordingly, it can be claimed that if semiconductor micro 
fabrication was considered as the first micro manufacturing revolution, MEMS is the second one. 
The term MEMS can be traced to the mid-1960s when Nathanson and Wickstrom used 
sacrificial layer [6] to release a suspended cantilever, using as a gate electrode for a MOS-type 
silicon transistor in order to make a very high Q band pass transistor.  During 1987-1988, a 
turning point for MEMS was reached when, for the first time, MEMS fabrication process 
evolved from the process technology utilised for integrated circuit (IC) to achieve low cost, high 
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reliability and better performance. Since then, MEMS has rapidly found broad applications, for 
instance in biotechnology, automotive, optics, aerospace and telecommunication [7, 8]. 
The applications of MEMS for radio frequency is called RF MEMS and it provides RF 
engineers the opportunity to develop superior passive devices, i.e. switches, inductors and 
variable capacitors, for RF applications [9-11]. The first MEMS switch was fabricated in 1990 
by Dr Dary Larson at the Hughes Research Lab in Malibu, California under the support of 
Defense Advanced Research Projects Agency (DARPA). Although the switch was not mature 
and reliable, its outstanding RF performance stirred the interest of several groups in the US 
government [12]. The first commercial capacitive and DC RF MEMS switches were 
manufactured in 1995 by Rockwell and Texas, respectively. And so far, many companies, 
universities, laboratories have been actively pursuing the research on RF MEMS devices.  
 
 
Figure 1.1: MEMS components. 
  
 
 
 
 
 
 
26 
 
1.2 Microwave switches 
Historically, microwave switches have been subdivided into two categories: 
semiconductor-based and electromechanical relays. Examples of the former are: PIN diodes, 
MOSFET, Gallium-Arsenide (GaAs) or silicon-on-insulator/sapphire (SOI/S). These active 
switches are excessively utilised for applications below 1 GHz due to their low loss, fast 
switching, reliability, low actuation voltage, inexpensiveness and integration. Nevertheless, the 
loss is increased when the frequency is enlarged. Examples of the latter switches are coaxial and 
waveguide switches, offering the benefits of low insertion loss, high isolation and high linearity 
at the high frequency application (>1 GHz). However, they are bulky, heavy, high actuation 
voltage and very slow. MEMS switches show special promise in radio frequency application to 
combine the advantageous properties of both mechanical and semiconductor switches. In fact, 
high isolation, excellent linearity, and extremely low insertion loss are the distinguishing features 
of RF MEMS switches. However, their high actuation voltage, low switching speed, and 
reliability still remain areas of major concern. Although research efforts have gone into MEMS 
switches in industry and academia, many issues still need to be solved before they can be 
commercially available [13, 14] . 
1.3 Application areas for RF MEMS 
What can be the applications of a device which is tiny, of very low mass, with no DC 
power consumption and excellent RF behaviour at mm-wave frequency? There are a multitude 
of answers. For instance, RF MEMS switches can be used in telecommunication (mobile, 
nanosatellite) [14-16], automotive industry (radar systems) [17, 18], biomedical (as strain sensor, 
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or cancer detector) [19, 20]. The potential of RF MEMS switches in high frequency applications 
is explored in a study conducted by Katehi et al [21]. 
1.4 Motivation 
RF MEMS devices may solve a number of challenges in smart phones or tablets. Firstly, 
75% of the components in mobile phones are passive components [22-24]. Therefore, the MEMS 
version of these components enables a longer battery life and a smaller device. Moreover, current 
smart phone antennas do not provide an optimum efficiency in 3G and 4G wireless 
environments. This not only results in a slower download speed and lower quality of speech, but 
also considerably reduces energy efficiency and increases dropped calls. The future antennas 
based on the RF MEMS switches - DC or capacitive - bring about a much better performance as 
compared to semiconductor based antennas. In addition, download speed doubles as soon as 
smart phone antenna becomes 2 or 3 dB more efficient. This could be achieved by using RF 
MEMS components.  
1.5 Aim and objectives 
The aim of the present study is to reduce the actuation voltage of the RF MEMS switches 
so as to facilitate their integration with IC circuitry without any clumsy voltage up convertors. 
Hence, the objectives can be listed as follows: 
x Reducing the actuation voltage to less than 20 V 
x Improving the RF parameters for C-K frequency band 
x Reaching a switching speed of less than 10 μs 
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x Simplifying the fabrication process  
x Improving the reliability 
1.6 Contributions of the thesis 
The main contributions of this thesis are listed below: 
x Design, fabrication and characterization of a high isolation and low insertion loss RF MEMS 
shunt capacitive switch 
This thesis presents the design, fabrication and characterization of a low actuation voltage 
RF MEMS shunt capacitive switch. For that purpose, two short high impedance transmission 
lines are designed and included at both ends of a transmission line in order to cancel the 
capacitance behaviour of the switch, and to improve the matching at the entire frequency band at 
the up-state. Simulations are carried out using ElectroMagnetic 3D Simulator (EM3DS) and 
Coventorware to predict the electrical and mechanical performance. The measurements are in 
reasonable agreement with simulation results. 
x Introducing a convenient method to reduce the dielectric charging 
Dielectric charging is the main failure of the MEMS switches which affects reliability 
adversely. In response, this thesis proposes a ramp dual-pulse actuation-voltage waveform that 
reduces the actuation-voltage shift in the capacitive RF MEMS switches. In this study, an 
analytical method and two popular softwares, i.e. Advance Design System (ADS) and ANSYS, 
are utilised to compare the charge injection for the proposed waveform with other types of 
waveforms (i.e. square wave, dual pulse, and novel dual-pulse). The results show that the 
proposed actuation-voltage waveform successfully reduces trapped charge and increases lifetime 
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significantly due to its lowering of the actuation-voltage shift. The membrane reaches a steady 
state on the electrode faster by using the proposed actuation-voltage waveform. 
x Proposing a new protocol for fabrication of RF MEMS switches 
This thesis introduces a new fabrication protocol for developing a membrane for RF MEMS 
switches based on the extra hard baked photoresist. This protocol not only simplifies the 
fabrication process, but also improves the flatness of the bridge and the softening of the edges. 
Moreover, it develops a low power (250 W) dry release process for releasing a membrane 
without any etching holes and extra hard baked photoresist at 220oC. By using this approach, the 
compressive residual stress is minimised, eliminating the buckling of the membrane. Finally, this 
fabrication process enhances the isolation of the MEMS switch. 
1.7 Thesis overview 
Chapter two provides a comprehensive literature review on different approaches for 
reducing the actuation voltage of RF MEMS switches. The chapter begins with the introduction 
of different types of actuation forces for RF MEMS switches. Then, different types of structures 
together with the electrical and mechanical parameters of the electrostatic MEMS switches are 
reviewed. As the primary focus of this research is reducing the actuation voltage of RF MEMS 
switches, a dedicated section that describes the state of the art approaches is presented and 
followed by a discussion comparing the performance of the different methods. 
Chapter three outlines the fundamental concepts of RF MEMS switches required for the 
rest of this thesis. It details the electromagnetic and electromechanical modelling of RF MEMS 
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switches, along with the theory of the dielectric charge injection as the main failure of the 
capacitive switches.  
Chapter four presents the proposed switch structure in terms of the dimension, shape and 
materials of the membrane and transmission line. The modelling of the switch as well as the 
electrical and mechanical simulation are presented and followed by a discussion at the end. 
Chapter five introduces a convenient method to reduce the dielectric charging of 
electrostatic MEMS capacitive switches. Firstly, the theory of the dielectric charging and its 
effect on the reliability of MEMS switch are elucidated. Afterwards, different approaches for 
solving this issue are introduced. Then, the proposed method is discussed and compared with 
other methods.   
Chapter six outlines the methods employed to fabricate the RF MEMS switches. Firstly, 
it reviews the existing fabrication method. Secondly, the background of the existing fabrication 
technique is reviewed followed by a listing of the required tools, chemicals and equipment. This 
chapter also presents the problem encountered during the fabrication process and proposes a 
troubleshooting solution. 
Chapter seven reports the characterization, testing and evaluation of the developed RF 
MEMS switch. The characterization methods are presented, and the obtained results are 
discussed. 
Chapter eight concludes the thesis by giving a discussion on the developed RF MEMS 
switch and providing suggestions for the future development of the RF MEMS switch. 
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2 LITERATURE REVIEW 
An extensive investigation of the existing literature is carried out on RF MEMS switches. 
Section 2.1 compares different types of actuation for RF MEMS switches. Section 2.2 discusses 
the principles of RF MEMS switches based on metal and carbon materials, and their main 
parameters. A comprehensive review is presented on recent methods used for lowering the 
actuation voltage in Section 2.3 which is related to the main focus of the work presented in this 
thesis. Finally, Section 2.4 compares different methods that are discussed in Section 2.3.  
2.1 Types of actuation force 
RF MEMS switches can be categorized into four groups according to their types of 
actuation forces. The first type uses piezoelectric materials such as Aluminium nitride (AlN) (or 
Lead zirconium titanate (PZT) between two electrodes of membrane. These piezoelectric 
materials cause an elongation and strain across the length of the piezoelectric layer and make the 
beam deflect by applying a voltage. The amount of force depends on the piezoelectric 
coefficient. Therefore, the low actuation voltage can be achieved by choosing a high 
piezoelectric coefficient [25-32]. The second type is the electromagnetic switches. This type of 
switches uses coil on top of the membrane. The electromagnetic force is created when a DC 
current is applied to the coil, actuating the membrane [33-35]. The third type is the 
electrothermal RF MEMS switch. The bending of the structure depends on the thermal expansion 
coefficient of materials. Applying a current through a resistor on top of the beam causes a 
thermal wave propagates and attenuates in the thickness direction, deflecting the beam [36, 37].  
The last and more applicable type is the electrostatic RF MEMS switch. This type of switch 
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operates based on the amount of actuation voltage and the capacitance between the transmission 
line and the membrane. Table 2.1 compares all types of RF MEMS switches. It can be seen that 
the electrostatic type performs better in all parameters except for the actuation voltage, which is 
very high [38-40] .  
Table 2.1: Comparison of different types of RF MEMS switches actuation [10]. 
Actuation  type           Piezoelectric Electrothermal Electromagnetic Electrostatic 
Size Medium Medium Large Small 
Process complexity High Medium High Low 
Actuation voltage (V) 3-20 3-5 3-5 40-100 
Power consumption 0-100 0-200 0-100 0 
Switching time (μs) 50-1000 300-10000 300-1000 1-200 
Reliability Medium Low Medium High 
 
 
2.2 Principles of the RF MEMS switches 
2.2.1 MEMS switch structure  
Figure 2.1 shows the structure of a typical RF MEMS shunt switch, consisting of a 
substrate, a CPW (coplanar wave guide) transmission line and a bridge [41, 42] . Substrate is the 
basic element of any microelectronic device used to mount a device on top of it (surface 
micromachining), or inside it (bulk micro machining). High resistivity substrates should be used 
for RF MEMS switch applications in order to reduce the loss at high frequency applications. The 
substrates that can be used in RF MEMS switches are given in Table 2.2. The second component 
is a transmission line, which is used for transferring the RF signals from the input to the output 
ports. The third component is cantilevers or membranes, which are movable parts for connecting 
and disconnecting the signal line (dual-fixed bridge shunt switch) (Figure 2.1). The material for 
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bridge and transmission line should be conductive and can be categorized into two groups (Table 
2.3). The first group is the metallic RF MEMS switch, which uses metallic alloys such as copper, 
aluminium and gold. The second group is the carbon RF MEMS switch, based on carbon nano 
tube (CNT) or graphene. CNT is a type of carbon allotrope where rolled sheets of sp2-bonded 
graphete are shaped into a long hollow tube, categorizing into a single wall carbon nanotube 
(SWCNT) and multi-wall carbon nanotube (MWCNT) [43, 44] . Graphene is a type of carbon 
allotrope which can be geometrically considered as a flat monolayer of sp2-bonded tightly 
packed into a two-dimensional honeycomb lattice [45, 46]. Table 2.3 compares the electrical and 
mechanical performances of these two types of materials. Carbon materials are mostly used to 
reduce the size of the switch from micro to nano meter which is called nano electromechanical 
system switches (NEMS switches) [47-49]. 
 
 
 
Figure 2.1: Structure of RF MEMS switch (dual fixed bridge). 
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Table 2.2: Substrate for RF MEMS switch. 
Substrate Quartz Alumina  Sapphire Silicon Gallium Arsenide 
Relative 
Permittivity 
3.78 9.75 11.72 11.72 12.91 
 
Table 2.3: Materials for MEMS and NEMS switches. 
Types of switch Material Resistivity Ω ൈm (ρ) Young’s modulus (GPa) 
 
MEMS metallic 
Switch 
Copper 1.69 ൈ 10-8 117 
Gold 2.2 ൈ 10-8 79 
Aluminium 2.65 ൈ 10-8 69 
MEMS carbon 
Switch 
CNT 10-8 1000 
Graphene 10-8 1000 
2.2.2 Electromagnetic and mechanical parameters of MEMS switches  
Normal RF MEMS shunts capacitive switch needs to have a high capacitance ratio. 
Firstly, the MEMS shunt capacitive switch is modelled as a single capacitor (Off) at the up state 
because the operation frequency is much lower than the resonant frequency. Therefore, the 
amount of the capacitance should be as low as possible in order to provide a good matching 
between the input and output at the desired frequency band. Secondly, the isolation of the switch 
at the down state depends on the area and the quality of the contact. Therefore, a high 
capacitance ratio is required in order to have a low insertion loss and high isolation RF MEMS 
switches. However,  increasing the capacitance ratio results in a high actuation voltage for RF 
MEMS switches. Table 2.4 summarizes the effect of parameters on both mechanical and 
electrical parameters. For example, although reduction of gap (g) reduces the pull in voltage 
(Vpi), it adversely affects the RF parameters (increases the Cup) at the up state. Reducing the 
actuation voltage is achieved by decreasing the gap and spring constant, and by increasing the 
size. 
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Table 2.4: Effects of geometric variation on RF and mechanical parameters. 
Physical 
parameters 
Mechanical parameters Electrical parameters 
Vpull-in Resonant 
Frequency 
Voltage shift Up state Down state 
Reduction of g1 Good Does not 
effect 
Does not 
effect 
Not good Does not effect 
Reduction of k2 Good Not good Does not 
effect 
Does not effect Does not effect 
Increasing the size 
(A)3 
Good Not Good Does not 
effect 
Not Good Good 
1g is the gap between the bridge and the signal line 
2k is the beam spring constant 
3effective overlap area between the signal line and the bridge 
2.2.3 Fabrication of MEMS switches 
Bulk and surface micromachining are the most common processes for fabricating MEMS 
switches. Bulk micromachining is based on the etching of silicon substrate, relying on the etch 
rate of the crystal direction (<100><110><111>) [50]. Surface micromachining depends on 
deposition and etching of different structural layers on top of the substrate. Surface 
micromachining is more popular than bulk micromachining [51-54]. The steps involved in the 
fabrication process of RF MEMS switches are shown in Figure 2.2. The fabrication process 
mainly consists of five steps: (i) patterning electrode, (ii) patterning transmission line, (iii) 
patterning anchor, (iv) patterning membrane, and (v) releasing the membrane. The parameters of 
the fabrication will be covered comprehensively in Chapter 6. 
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Figure 2.2: Fabrication process of RF MEMS switch.  
 
2.2.4 Reliability 
The reliability of RF MEMS capacitive switches can be associated with the fabrication 
failure and electrostatic force. When fabricating an RF MEMS switch, two issues are 
encountered as follows (Figure 2.3). The first issue is the shape of the membrane which is non-
flat (Figure 2.3.a). This uneven surface deteriorates the performance of the switch as it increases 
the fringing capacitance, and reduces the contact between the electrodes [55]. The second major 
issue is the collapse and buckling of the bridge during the wet or dry releasing process.  
The reliability related to the electrostatic force is due to the dielectric charging. The 
electric filed across the dielectric can be higher than 108 V/m due to a high actuation-voltage 
required to actuate the RF MEMS switch. This causes the charges to tunnel from the top and the 
bottom electrodes into the dielectric (Figure. 2.3.b). With repetitive ON-OFF cycles, charges 
progressively build up in the dielectric, which shifts the pull-in and pull-out voltages (Figure. 
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2.3.c) [56-58]. This phenomenon becomes very critical at low actuation-voltage because it shifts 
the Vpull-in and Vpull-out. This causes the membrane to be self-actuated or stucks the membrane at 
the down state.  
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Figure 2.3: Issues with RF MEMS bridge. (a) Uneven surface membrane, sharp edges, and 
non-uniform metal thickness along the structure. (b) Charges tunnelling from the top and 
the bottom electrodes into the dielectric. (c) Pull-in and pull-out voltages shift. 
2.3 Review of low actuation voltage RF MEMS switches 
As it was stated in the previous section, MEMS switches have different parameters which 
should be considered in their design and fabrication. This section reviews the approaches that 
have been used to reduce the actuation voltage while considering the requirements of other 
parameters of the switches as described in Section 2.2. These methods are categorized into three 
groups. 
2.3.1 Reducing the gap 
According to Table 2.4, although the actuation voltage can be decreased by reducing the 
gap or increasing the effective area between the two electrodes, this reduction deteriorates the RF 
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parameters of the switch. The following state of the art techniques were used to reduce the 
actuation voltage while maintaining the RF parameters at acceptable levels: 
x Using pillars and extra voltage source 
Figure 2.4 shows a torsional structure beam, consisting of a beam which is anchored to a 
pillar at the middle while leaving the ends free. This method uses two separate voltage sources to 
provide negative and positive voltages. This type of switch has three states: ON, OFF and 
Neutral. When voltages are applied to either of the electrodes, a large positive deflection is then 
noticed on one side, and a smaller negative deflection of the membrane is obtained with a large 
contact area on the other side. This creates a large capacitance ratio for the up and down state 
positions.  
 
Figure 2.4: RF MEMS switch using a pillar and two voltage sources. 
Lorphelin et al. [59] designed a low actuation voltage (5 V) series switch that can be used 
for DC up to 10 GHz. The switch used two pillars and four electrodes (two internal and two 
external).  Robin et al. [60] proposed an RF MEMS single input double output (SIDO) switch 
with an actuation voltage of 20 V for the frequency band 15-30 GHz. The switch consists of 
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three pillars for the support of a gold membrane, and four electrodes (two internal and two 
external). Kim et al. [61] implemented SIDO switch from 2-10 GHz applications. The actuation 
voltage of this switch is 15 V. The switch consists of a dual fixed beam and a pillar which is 
positioned under the beam leaving a small gap. When the SW2 changes to the On state, SW1 is 
restored by the leveraging force as well as by its own stiffness. After SW2 is turned On, the SW1 
is forced to maintain higher bending stiffness against the self-actuation power with the help of an 
axial force and leveraging moment.  
x Using comb drivers  
Unlike the MEMS switches which have vertical actuation, this type of switch has a lateral 
actuation. The lateral switch consists of three main parts. The first part is a comb driver which 
consists of stationary and movable combs to provide electrostatic force (Figure 2.5). The second 
part is a flexible structure which works as a beam or membrane of vertical switches and is 
connected to the driver. The third part is a transmission line [62-64].    
 
Figure 2.5: Comb driver. 
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The actuation of this type of switch is given as:  
                                                          V pull-in =ටଶா௧௪
య
ࣟబ௅య ௧ ට
௞௚
ேఌబ௧
                                              (2.1) 
where g is the gap, E is the Young’s modulus, w, t and L are width,  thickness and length 
of the comb drive respectively, ࣟ଴ is air permittivity, g is the gap between the moveable and 
stationary combs, N is the number of fingers, and k is the stroke of actuator. 
Kang et al. [65] designed and fabricated single input 4 output (SI4O) RF MEMS series 
DC contact switches. The actuation voltage of both switches is 15 V and the frequency band is 
DC to 10 GHz. The gap between the flexible structure and the transmission line is 2.5 μm and 
the actuation voltage is 15 V. The switching speed is 120 μs and 500 μs for the switch ON and 
OFF positions. The driver uses 1200 combs and the electrostatic force is 210 μN. Akira et al. 
[66] designed a lateral movement shunt DC switch. The total dimension of this switch is 
3×1.5×0.5 mm3 (length, width and thickness respectively). The switch has a frequency band from 
0 to 75 GHz and the actuation voltage is 5 V. The switching time is 10.3 μs. Park et al. [67] 
proposed a lateral movement capacitive shunt RF MEMS switch for 23.5 to 29 GHz. Flexible 
structure is a folded beam spring. The actuation voltage of this switch is 25 V and the switching 
time is 8 ms. It used 1000 combs with a gap of 2.1 μm. The air is used as both on and off state 
capacitive coupling switch instead of insulatiung material.  
2.3.2 Spring constant 
Spring constant plays an important role on the actuation voltage of RF MEMS switches. 
The spring constant of the MEMS switch relies entirely on the beam or membrane (structure, 
shape and material) and residual stress (fabrication process). 
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x Spring constant of beam or membrane 
 Beam or membrane spring constant consists of two parameters: Kspring and K’. The 
former (Kspring) is due to material properties such as Young’s modulus and shapes. A 
comprehensive study of low constant beams such as fixed-fixed, crab leg or folded flexures that 
can be used for lowering the actuation voltage is provided in ref. [10]. Kundu et al. [68] reported 
a low actuation voltage RF MEMS switch with a frequency band from 5 GHz to 30 GHz. They 
introduced the concept of moving transmission line and membrane. Therefore, the equivalent 
spring constant of the switch follows the series spring constant rules. The actuation voltage 
reduced from 20 V to 15 V (Figure 2.6).  
 
 
Figure 2.6: RF MEMS switch with movable transmission line.  (a) Structure. (b) 
Mechanical model (Reprinted (adapted) with permission from [68]. Copy right 2015, 
Elsevier). 
The second parameter (K’) is the effect of tensile residual stress on the spring constant 
during the fabrication process [69]. It causes the beam to deflect upward, therefore it increases 
the actuation voltage. The residual stress can be reduced by different techniques. The first 
method is neutralizing the residual stress by using different micro structures. Zhiao et al. [70] 
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implemented a composite cantilever, consisting of Al and Au, to cancel the bending moment. 
The actuation voltage of this switch is 40 V. A dimple was added by Ur Rahman et al. [71] at the 
end of the beam to overcome the residual stress. The contact of this switch is DC, and it is 
fabricated on Alumina with a CPW transmission line for the frequencies of DC-40 GHz. The 
actuation voltage of the switch is 19 V. Chan et al. [72] designed an inline low actuation voltage 
by reducing the sensitivity of the beam to residual stress through applying corrugations to their 
beam. This switch is a DC contact series RF MEMS switch with an actuation voltage of 20 V. 
This switch is supported at two anchor points. It also has four springs which are connected at one 
end to an anchor and at the other end to the centre of the beam.  
The second method to reduce the residual stress is through a low stress fabrication 
processes. Gong et al. [73] developed a flat cantilever for 2-75 GHz. They used an Al base 
sacrificial layer instead of a polymer sacrificial layer to decrease the stress gradient for the gold 
membrane. This is due to the coefficient of thermal expansion (CTE) between Al and Au (21 and 
14 ppm/K), respectively, rather than the typical polymer materials such as photoresist (>50 
ppm/K). The actuation voltage of this switch is still high and more than 40 V. Biyikli et al. [74] 
reported a DC contact RF MEMS series switch with a frequency band from 0 to 25 GHz. The 
gap between the transmission line and the beam is controlled by the amount of internal stress 
gradient. Tuning of the stress gradient depends on the decreases and increases of pressure for the 
bottom half, which results in a compressive stressed layer, and increase of the pressure for the 
top half layer for achieving the tensile stress. This leads to a compressive and tensile stress for 
the bottom and top layers. This experiment was done on different sizes of cantilever with the 
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length (L=5-50 μm) and width (W=2-40 μm). The actuation voltage of all switches in this 
experiment is less than 20 V.  
2.3.3 Reduction of size (carbon switches) 
Carbon switches can be fabricated in the range of nm, therefore, this type of switches is 
mostly named as NEMS switches. The rule for calculation of mechanical and RF parameters of 
carbon switches follows the rule of MEMS switches. The only difference between the MEMS 
and the NEMS switches is the role of Van der Walls force. 
 A dynamic and mechanical study on the CNT NEMS switch is presented in [75-77]. The 
actuation voltage of the NEMS switches based on CNT and graphene can be written as: 
For CNT: 
                         ௣ܸ௨௟௟ି௜௡ ൌ ඨሾ݇൫݃ െ ݃௘௤ ൯െ గ஼లఘ
మௐ௅
଺ ൬
ଵ
௚೐೜య
െ ଵ൫௚೐೜ା௧൯య൰ሿ ൈ
ଶ௚೐೜మ
ሺଵାమ೒೐೜ഏഘ ሻௐ௅ఌబ
          (2.2) 
where W and L are physical dimensions of the cantilever respectively, g is the gap 
between the conductor and the ground, C6 is a constant characterizing the interactions between 
the two atoms, ρ is the volume density of graphite, which is taken to be ρ = 1.14 × 1029 m−3, 
and  geq=2/3g0.  
 
For graphene: 
                                                       ௣ܸ௨௟௟ି௜௡ ൌ ට ଼௞௚బ
య
ଶ଻ఌௐ௅ െ
஺೓
ଶగఌ௚బ
                                                (2.3) 
where  ൌ ଶ୉୛୦యଷ୐య Ah is the Hamaker constant (1.579 eV), W and L are physical 
dimensions of the cantilever. 
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The first term in Eq (2.3) represents the contribution of the electrostatic force, and the 
second term refers to the contribution of the Van der Walls force.  
The first type of CNT NEMS switch is a dual fixed type switch. Kaul et al. [78]  reported 
on a dual fixed capacitive RF NEMS switch based on SWCNT. The actuation voltage of the 
switch is less than 5 V and the switching time is 2.8 ns. The size of the SWCNT beam is 200 nm 
long, and with a diameter of 2 nm, and a gap of 20 nm. The Young’s modulus for this switch is 1 
Tpa. Acquaviva et al. [79] reported a dual fixed capacitive RF NEMS switch based on SWCNT 
arrays for membrane. The actuation voltage of this switch is 6 V. The resistivity of the beam is 
reported as 0.0077 Ω/cm and the flexural Young’s modulus is very low (8.5 GPa). This is due to 
the fact that only a small portion of CNT contributes as a membrane and shear modulus during 
the actuation. A very low actuation voltage and fast  dual fixed type RF NEMS switch is reported 
by Dragoman et al. [80]. The actuation voltage of this switch is less than 1 V and its switching 
time is 100 ps.   
Another type of RF NEMS switch is the cantilever type RF NEMS switch. Dragoman et 
al. [80] reported on a RF cantilever NEMS switch which used 4 vertical CNT cantilevers based 
on the CPW as a nanotweezer switch. Each two cantilevers are attracted by applying a DC 
voltage across them and forming a short circuit. The length of CNT tweezers is 2.5 μm. The 
actuation voltage for this switch is 14.5 V, and is higher than other reported CNT NEMS 
switches. This is due to the low Van der Walls force. As discussed before, Van der Walls force is 
only effective in nm gaps. The switching time for this switch is 49 ns. Lee et al. [81]  reported on 
a cantilever type RF NEMS switch based on MWCNT. The actuation voltage of this switch is 
less than 5 V. The CNT has a 0.5 nm diameter and is 1.8 μm long. The gap between the 
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transmission line and the CNT cantilever is 150 nm. This switch used gold as a bottom electrode 
and Au/Ti (70/5 nm) for CNT contact.  
Milaninia et al. [82] presented the NEMS switch with two layers of graphene. Therefore, 
two CVD processes were used. The size of the beam is 20 × 3 μm (L × w) and g = 500 nm. The 
actuation voltage is 4.5 V. The main disadvantage of this switch is a limitation of contact 
resistance between the top and bottom graphene layers (200 kΩ). This is due to the nonuniform 
surface of the CVD grown graphene.  Dragoman et al. [83, 84] simulated a double clamped RF 
NMES switch based on a graphene membrane. 20 nm gold is patterned on 500 μm Si to form a 
CPW transmission line. The gap between the signal line and the membrane is 1 μm. The CPW is 
loaded by the number of graphene flakes with a width of 0.6 μm. This switch can be used for 1-
60 GHz applications. Increasing the number of graphene membranes above the TL increases the 
performance of the switch in the down state position, but it does not affect it on the up state 
position. The actuation voltage of this switch is 2 V. The main drawback of all the discussed RF 
NEMS switches is the insertion loss and isolation in the up and down state positions, 
respectively.  
2.4 Discussion 
As described in Section 2.3, the actuation voltage of the RF MEMS can be reduced by 
using three methods. Table 2.5 compares the impacts of these three methods on both mechanical 
and RF parameters of the switches. 
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Table 2.5: Comparison of low actuation voltage methods. 
                  Parameters 
Methods 
Vpull-in RF  
parameters 
Switching  
Time (μs) 
Fabrication 
process 
Reduction of 
size (mm) 
Reduction of 
Spring 
constant 
Beam 10-20 Good 500-2000 Hard    ൏ 1 
Residual 
stress  
High Good 500-2000 Hard   ൏ 1 
 
Increasing 
the force 
Torsional 
actuation 
10-20 Good 100-200 Hard 1 ൏ 
Comb 
structure 
10-20 Good 5000 Hard 2 ൏ 
Reduction of  
size  
Carbon nano 
tube 
2-10 Not good 1 Extremely 
hard 
൏ 0.01 
Graphene 2-10 Not good 1 Extremely 
hard 
൏ 0.01 
2.4.1 RF parameters 
Table 2.5 examines the effects of each method on the RF parameters. The RF parameters 
of the switch strongly depend on the capacitance ratio at the up and down states. As presented in 
Table 2.4 in section 2.2, decreasing the gap has a negative impact on RF parameters. This 
problem is resolved by the techniques that were reviewed in Section 2.4.1. For example, 
torsional actuation provides a large gap, and contact are at both the up and down state position, 
leading to a high capacitance ratio. Moreover, reduction of the spring constant does not have any 
effect on the amount of capacitance and RF parameters. Finally, The RF parameters of NEMS 
switches are not good for the microwave frequency but this may change in the future.  
2.4.2 Switching time 
Table 2.5 compares the effects of each method on switching time. NEMS switches based 
on CNT and graphene have the highest speed due to the high Young’s modulus of CNT and 
graphene, which is 1 TPa. It is reported  that the speed of the NEMS switches is in the range of a 
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few tens of nano seconds and even equal to or faster than semiconductor switches [80, 85]. 
Torsional actuation does not have an effect on the speed of switches. However, comb structures 
are very slow because all actuators, transmission lines and beams are connected to each other, 
and therefore the membrane is very heavy compared to other type of MEMS switches. Reducing 
the spring constant also impacts negatively on the speed of the switch. 
2.4.3 Size of switch 
Table 2.5 compares the size of the RF MEMS switches. It is obvious that the size of RF 
NEMS switches is smaller than the MEMS switches. Lowering the spring constant does not 
affect the size of switches. However, methods for lowering the actuation voltage by decreasing 
the gap increase the size of MEMS switches. This is due to the micro structures that they use for 
reducing the actuation voltage. For example, a comb structure has the largest size because of the 
drivers. Torsional actuation has a large area due to the pillars, extra electrodes and additional 
voltage source.  
2.4.4 Fabrication and setup 
The fabrication process of RF MEMS switches based on CNT and graphene is different 
to that of conventional RF MEMS switches and is more sophisticated than that used for 
conventional MEMS switches. Also, CNT and graphene are more expensive than metal 
materials.  
The fabrication process for increasing the force is categorized into two methods. (i) 
Torsional actuation RF MEMS switch requires more fabrication steps than the normal process 
for MEMS switches. For example, the switch which is fabricated by Touati et al. [86] used nine 
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masks and RIE etching for patterning pillars. Moreover, it requires two voltage sources to 
provide positive and negative voltages.  (ii) Comb switches have less fabrication steps than other 
types of MEMS switches because actuator, transmission line and beam are all fabricated in one 
step of lithography. However, Deep reactive-ion etching (DRIE) was used to pattern the gap 
between the comb actuator instead of a convenient wet etching. Moreover, most of the reported 
RF MEMS comb switches have DC contact and there are fewer capacitive MEMS shunt 
switches reported with comb structures. This is due to the deposition of dielctric on the side 
walls which limits the ON and OFF capacitance ratio. The existing capacitance RF MEMS comb 
switches were fabricated by Park et al. [67], where air was used as dielectric material. He et al. 
[64] used paryline material instead of air.  
The method for reduction of spring constant can be categorized in two groups. The first 
method uses different types of micro structures such as pillars or corrugation to cancel the 
curling. It requires an additional fabrication step. The second method is fabrication of MEMS 
switches via low residual stress material. The main disadvantage of this method is the 
complexity of measuring the amount of residual stress. This is because the film undergoes 
various micromachining processes, with various thermal cycles in different process steps and 
exposure to plasma treatment in the dry release process. 
2.5 Conclusion  
In this chapter, the approaches for the reduction of the actuation voltage of RF MEMS 
switches have been studied. The study was conducted based on various experiments and analysis 
presented in recent published works. Electrostatic MEMS/NEMS switches are categorized based 
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on their materials into metallic and carbon switches. Increasing force and reducing the spring 
constant are mostly used for reducing the actuation voltage of RF MEMS switches based on 
metals. The fabrication of this type of switches is based on surface micromachining. Switches 
based on CNT and graphene, NEMS switches, are fabricated in nano size. They exists a new 
generation of electro mechanical switches, and researchers are trying to improve their RF 
parameters. The fabrication of this type of switches is based on the chemical vapour deposition 
(CVD) process.  The impact of this method has been analysed and briefly discussed according to 
the mechanical parameters, RF parameters, taking into account the fabrication process.  
The objective of this research is stated in Table 2.6. Further description for design, 
fabrication and characterization of the proposed switch are discussed in the later chapters.  
Table 2.6: Proposed RF MEMS switch. 
Parameters Vpull-in RF 
parameters 
Switching 
time 
Fabrication 
process 
Size 
(mm) 
Reliability 
Proposed 
switch 
൏ 20 Very Good 0-200 μs Simple ൏ 1 Good 
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3 THEORY OF RF MEMS 
3.1 Introduction 
The present chapter outlines the fundamental concepts of the RF MEMS switch that are 
required for the rest of this thesis. It details the electromagnetic modelling of RF MEMS 
switches and gives an overview on how to extract the capacitance, inductance and resistance 
model (CLR) from the S parameters. Moreover, the linear vibration principles of lumped 
parameters system used to model the mechanical behaviour of the MEMS switch, as well as the 
basic of the dielectric charge injection which is the main failure of the capacitive switches are 
reviewed. This material will also serve as a useful reference for latter chapters. 
3.2 MEMS switch 
Figure 3.1 (a-c) shows the structure of a typical dual fixed RF MEMS shunt capacitive 
switch, along with its mechanical and electrical model. As can be seen from Figure 3.1.a, a 
MEMS switch consists of two components: a transmission line and a bridge where the former is 
used for transferring the RF signals from the input to the output ports, and the latter is a movable 
part for connecting/disconnecting the signal line. The shunt switch is ON when there is no 
applied voltage across the beam (Figure 3.1.b). Therefore, the signal propagates from the input to 
the output.  However, when the voltage is applied across the beam, the membrane starts to 
deflect downward and snap down at a pull-in voltage (Vpull-in). Thus, the signal is reflected via 
capacitive coupling between the membrane and the signal line. 
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The spring constant strongly depends on the thickness (h); material (ρ); size and shape of 
the anchor.  
 
Figure 3.1: RF MEMS shunt capacitive switch. (a) Structure: dual-fixed bridge. (b) 
Mechanical model. (c) Electrical model: It consists of two short section of T-line and a 
lumped CLR model of the bridge. 
3.3 Electrical model  
Figure 3.1.c shows the RF MEMS shunt electrical model, consisting of two sections of 
the transmission line and a lumped model bridge (C, L, R), where C depends on the overlap area 
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between the membrane and the transmission line, L depends on the shape and length of the 
anchor over the transmission line and R relies on the membrane [10].  
 
Figure 3.2: Transmission line equivalent circuit. (a) T circuit. (b) Equivalent circuit for 
θ<π/2. (c) High Impedance transmission line equivalent. (d) Low impedance transmission 
line equivalent. 
 
                                                          Series element =݆ܼ଴ ሺఏଶሻ                                                (3.1) 
                                                           Shunt element = െ݆ܼ଴ ሺߠሻ                                       (3.2) 
 
For the electric length (θ) less than π/2, the series element has a positive reactance 
(inductors), while the shunt element has a negative reactance. The equivalent T circuit is shown 
in Figure 3.2.b, where:  
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                                                            ௑ଶ ؆ ܼ଴  ቀ
ఏ
ଶቁ                                                           (3.3) 
                                                           ܤ ؆ ଵ௓బ ሺߠሻ                                                            (3.4) 
This electrical model for a short high impedance transmission line reduces to series 
inductor (Figure 3.2.c) where:  
                                                                ܺ ؆  ܼ଴ ሺߠሻ                                                        (3.5) 
                                                                ܤ ؆ Ͳ                                                                   (3.6) 
Accordingly, the electrical model for a short low impedance transmission line 
approximately reduces to a shunt capacitor (Figure 3.2.d) where: 
                                                                  ܺ ؆ Ͳ                                                                  (3.7) 
                                                                  ܤ ؆  ଴ܻ ሺߠሻ                                                    (3.8) 
3.3.1 CPW transmission line 
A common type of transmission line for RF MEMS application is the CPW, consisting of 
one signal line in middle, and two grounds beside the transmission line (Figure 3.3.a). The signal 
propagates between two identical slots, and it has an inhomogeneous structure because the fields 
propagate within two media of dielectric and the air. The effective substrate constant and 
characteristic impedance for this type of the transmission line are given in Equations 3.9 and 
3.10 [87, 88].  
                                               ݁௘௙௙ ൌ ቀ௘ೝାଵଶ ቁ ሺ
଴Ǥହሺ௘ೝିଵሻ
ଵାଵ଴ሺ௛೎೚೙೏ ௛ೞೠ್ൗ ሻ
ሻ                                                       
(3.9)     
                                                        ܼ଴ ൌ ൬ଽସǤଶହඥ௘೐೑೑൰ ሺ
௄ೖᇲ
௄ೖ
ሻ                                                      (3.10)    
where eeff and er are the effective and relative constant substrate respectively, ݄௖௢௡ௗ  and 
݄௦௨௕are a conductor thickness (μm) and a substrate height (mm), respectively. k and k’ can be 
calculated from Equations 3.11 and 3.12: 
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                                                                        ݇ ൌ ௐௐାଶீ                                                      (3.11)  
                                                              ݇Ԣ ൌ ξͳ െ ݇ʹ                                               (3.12)  
where W is the signal conductor width, G is the gap between the centre conductor and 
ground. K(k) and K(k') can be calculated from Figure 3.3.b. 
 
 
Figure 3.3: Coplanar wave guide transmission line. (a) Structure: signal line width (W), the 
gap between signal line and ground (G). (b) K(k) and K(k'). 
3.3.2 Bridge 
The bridge is modelled by L, C and R (Figure 3.1.b). L represents the inductance of the 
switch, R shows the insertion loss, and C, which is the dominating parameter, represents the 
capacitance between the bridge and the transmission line. This capacitance has two extreme 
values at the up state and the down state and varies between them. The values of S11 and S21 at 
the up and down states can be stated by Equations 3.13 and 3.14.  
                                                S11 (up state)        ൌ ି௝ఠ஼ೠ೛௓బଶା௝ఠ஼ೠ೛௓బ                                      (3.13) 
                                                 S21 (down state) ൌ  ଵଵା௝ఠ஼ౚ௓బȀଶ                                            (3.14)       
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3.3.3 Electrical model 
The operation of MEMS switch strongly depends on the on the operation frequency (߱ሻ 
as well as resonance ሺ߱଴ሻ frequency and it is approximated by Equation 3.15. The CLR model 
behaves as a capacitor below the resonant frequency, as a resistor at resonant frequency and as 
an inductor above this frequency (Equation 3.15) [10, 89]: 
                                                       ܼ௦ ൌ
ۖە
۔
ۖۓ
ଵ
௝ఠ஼ೠ೛
߱ ا ߱଴
ܴ௦߱ ൌ ߱଴݆߱ܮ߱ ب ߱଴
߱଴ ൌ ଵξ௅஼
                                                   (3.15)   
3.3.4 Smith chart theory 
The relation between match and unmatched conditions can be found by S11 on the Smith 
chart diagrams. If Z0 < Zs, then S11 should rotate clockwise around Z0 with the DC starting point 
between Z0 and Zs. Therefore, the circle is on the left side of the transmission line (Figure 3.4). If 
Z0 > Zs, then S11 should rotate clockwise around Z0 with the DC starting point between Z0 and 50 
Ω. Therefore, the circle is on the right side of the transmission line (Figure 3.4). If Z0 = Zs, then 
the circle is at the centre of the Smith chart plane (Figure 3.4), performing the ideal matching 
(more information is provided in Appendix 2). 
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Figure 3.4:  S11 on Smith chart for Zs = 50 Ω and Z0 = 80 Ω, 50 Ω and 20 Ω. 
3.4 Mechanical model 
3.4.1 Mechanical parameters  
The mechanical model of the MEMS switches is shown in Figure 3.1.b, where k and M 
are the spring constant and the mass, depending on the shape, thickness and material of the 
anchor and membrane respectively.  
The main mechanical parameters of the MEMS switches such as pull-in and pull-out 
voltages; corresponding switch-on time (tON) and switch-off time (tOFF) of the beam can be 
expressed as follows (Equations 3.16 - 3.20) [90, 91]: 
                                                                  f0 = ට୩௠                                                                  (3.16) 
                                                              ton = 0.46଴ି ଵ                                                              (3.17) 
                                                              toff =ͲǤʹͷ଴ି ଵ                                                              (3.18) 
                                                              Vpull-in =ට ଼୩୥బమଶ଻஼ೠ೛                                                         (3.19) 
                                             Vpull-out =ඨ ଶ୩ககబ୅ ሺ଴ െ ሻቆ ൅ ቀ
୦ౚ
க౨
ቁቇ                                          (3.20) 
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where k is the spring constant, m is the mass of the beam, f0 is the first mechanical 
resonant frequency, g0 is the zero-bias bridge height, ࣟ଴ is an air permittivity, g is the height of 
the beam above the electrode, and ݄ௗand ࣟ௥ are the thickness and relative dielectric constant of 
the dielectric layer. 
3.4.2 Natural frequency and mode shapes 
Each beam consists of infinite numbers of natural frequencies and mode shapes. The 
natural frequency for the Dual fixed beam can be calculated from Equation 3.21: 
                                                                   ߱௜ ൌ ට ாூఘ஺௟ర ߱௡௢௡ሺ௜ሻ                                         (3.21)  
The first three ߱௡௢௡  for a cantilever and dual fixed beam are given in Table 3.1. As can 
be understood from Equation 3.21 and Table 3.1, the natural frequency of the beam depends on 
the material (E,ρ), shape and size (ܫ, A, l ) and boundary condition (߱௡௢௡ ).  
The first 3 mode shapes of the clamped-clamped beam are shown in Figure 3.5. It is seen 
that the direction of the movement for the first resonant is suitable for the RF MEMS switch 
while the other modes do not provide an overlap (more information is provided in Appendix 3).  
Table 3.1: ૑ܖܗܖ  for dual fixed beam ([92]). 
Types of beam ࣓࢔࢕࢔ሺ૚ሻ* ࣓࢔࢕࢔ሺ૛ሻ** ࣓࢔࢕࢔ሺ૜ሻ*** 
Dual fixed             22.373              61.67           120.9 
 
*    The first normalized resonant frequency 
**  The second normalized resonant frequency 
*** The third normalized resonant frequency 
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3.4.3 Frequency shift 
The effect of DC voltage on the natural frequency of the beam can be seen in Equation 
3.22 by setting N and C equal to zero in equation of motion (see Equation 9.11 in Appendix 3). 
The natural frequency no longer depends on the characteristic behaviour of the structure and 
relies on electrostatic force due to the DC voltage. Figure 3.6 shows the effect of a normalized 
natural frequency ( ఠఠబ
) versus DC normalized voltage ( ௏೏೎௏೛ೠ೗೗ష೔೙
). As expected, the natural 
frequency drops to zero at Vpull-in (Equation 3.22) [93]: 
                                                 ߱௜ ൌ ට௄௠ െ
ࣟబ஺௏೏೎మ
௠ሺ௚బି௚ሻయ
                                                         (3.22) 
 
 
Figure 3.5: The first three mode shapes of MEMS switch. 
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Figure 3.6: The normalized natural frequency versus the normalized DC voltage 
(Reprinted (adapted) with permission from [92]. Copy right 2015. Springer). 
 
3.4.4 Voltage shift 
Voltage shift due to the dielectric charging is the main failure mechanism in lifetime of 
the electrostatically actuated RF MEMS capacitive switches. The electric filed across the 
dielectric can be higher than 108 V/m while the membrane is collapsed on the dielectric. This 
causes the charges tunnel from the top and the bottom electrodes into the dielectric (Figure 
3.7.a). Poole–Frenkel conduction through the dielectric could be responsible for the charging 
mechanism. 
The dielectric charging and discharging curves under one cycle of the square waveform is 
shown in Figure 3.7.b. The amount of charges increases from point A to point B while the 
membrane is collapsed down (Switch is ON). The point B is mapped to point C once the 
membrane is pull-out (Switch is OFF). The dielectric is discharged from point C to point D at the 
end of the OFF time. This point (point D) is mapped to point E on the charging curve for the next 
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cycle. Therefore, subtracting point A from E gives the net amount of charges remained on the 
dielectric during one cycle. The detail of the charging and discharging dynamics versus time is 
shown in Figure 3.7.c. 
The voltage shift due to dielectric charging can then be calculated by using Equation 
3.23: 
                                                               οܸ ൌ ௗொ௤ఌబఌೝ                                             (3.23) 
where ΔV is the voltage shift due to dielectric charging, d is the distance between the 
centre of the charge sheet (dielectric) and the top electrode (switch membrane), Q is the 
accumulated charge density, q is the electron charge, and ε0 εr is the permittivity of the dielectric. 
This equation (Equation 3.23) determines the shifted value of the Vpi and Vpo based on the 
density trapped charge, (Vpull-in = Vpull-in − Vshift and Vpull-out = Vpull-out − Vshift) (Figure 3.7.d). The 
voltage shift adversely affects the reliability of the switch by closing at lower pull-in voltage or 
even the switch fails to work when Vpull-out in the positive region becomes negative. In that case, 
there is a permanent stiction between the membrane and the dielectric even at the 0 V (more 
information is provided in Chapter 5) [56, 94].  
 
 
  
 
 
 
 
 
 
62 
 
 
  
 
 
 
 
 
 
63 
 
 
Figure 3.7: Dielectric charging. (a) Charges tunnelling from the top and the bottom 
electrodes into the dielectric (Reprinted (adapted) with permission from [95]. 2015. IEEE). 
(b) Dielectric charging and discharging under square-wave actuation voltage after one 
operating cycle [95]. (c) Detailed view of dielectric charge versus time. (Reprinted 
(adapted) with permission from [95]. 2015. IEEE). (d) Pull-in and pull-out voltages shift. 
3.5 Conclusion 
In conclusion, the present chapter summarized the core concepts of RF MEMS switches 
that serve as a useful reference for latter chapters. The electrical and mechanical parameters of 
the MEMS switches are of essential importance in RF MEMS switches, thus much of this 
chapter was spent on this topic. In addition, the theory of dielectric charging which is the main 
failure of the MEMS capacitive switches are briefly discussed and analysed.  
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4 DESIGN AND SIMULATION OF A HIGH 
ISOLATION RF MEMS SHUNT CAPACITIVE 
SWITCH FOR C-K BAND 
4.1 Introduction 
4.1.1 Background 
As explained in Chapter 3, electrostatic MEMS switches should have a very high 
capacitance ratio in order to provide a very high isolation and a low insertion loss. However, this 
increases the actuation voltage, making these switches impractical in many applications such as 
mobile phones. Much efforts have gone into the search for lowering the actuation voltage so that 
the integration of MEMS switches with IC circuitry is facilitated without any clumsy voltage up 
convertor. In Chapter 2, an in-depth review on different approaches for reducing the actuation 
voltage of MEMS switches was presented. Accordingly, the present chapter aims at designing a 
wideband low ES actuation-voltage MEMS switch. This method is expected to provide two main 
advantages as compared to other approaches: (i) it does not affect the mechanical parameters of 
the switch, such as switching time or spring constant, and (ii) it uses convenient fabrication steps 
including soft lithography, wet etching and sputtering. More information on the fabrication of 
this switch will be provided in Chapter 6.  
The present chapter is structured as follows: The details of the proposed switch structure 
as well as its simulation results are presented in details in Section 4.2. Section 4.3 discusses the 
RF and mechanical parameters of the switch.  
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4.2 Design and simulation 
4.2.1 Design procedure 
As demonstrated in Chapter 3, the RF MEMS shunt switch behaves as a capacitance at 
the up state. Therefore, the matching between the input/output of the switch deteriorates by 
increasing the frequency. In this work, two short high impedance transmission lines (SHITLs) 
are included at both ends of the MEMS switch to improve the matching between the input and 
the output of the switch. These SHITLs can be implemented through the adoption of a CPW 
transmission line, consisting of a 50 Ω transmission line (80 μm/120 μm/ 80μm) for under the 
bridge, and a 85 Ω transmission line (300 μm/120 μm /300 μm) as SHITL.  
Equation 4.1 determines the amount of reflection coefficient for a normal MEMS switch 
at up state. The value of S11 equals or less than -10 dB guarantees a good matching between the 
input and the output. For ܼ଴ equals to 50Ω at 26GHz, the amount of C should be less than 13pF.  
                                                   S11 (up state)        ൌ ି௝ఠ஼ೠ೛௓బଶା௝ఠ஼ೠ೛௓బ                                      (4.1)  
The minimum overlap area between the membrane and transmission line can be achieved 
by using Equation 4.2. 
                                                   ܥ௨௣        ൌ ି୩ࣟబ஺ೀ೗୥ା೟೏ࣟೝ
                                                     (4.2)  
 where k is the fringing capacitance, ࣟ଴is air permittivity, ܣை௟is over lap area, g is the gap 
between membrane and the transmission line, ݐௗ and ࣟ௥ are the thickness and permittivity of 
dielectric.  
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Figure 4.1.a shows the schematic of this switch. The two SHITLs result in two series 
inductances at the input and output of the MEMS switch. The electrical model of this switch is 
displayed in Figure 4.1.b. In addition, the input impedance of the switch from port 1, assuming 
port 2 is Z0, is given in Equation 4.3. 
 ܼ௜௡ ൌ ቂሺܼ଴ ൅ ்ܴ௅ ൅ ݆ɘܮ்௅ሻ|| ଵ௝ன஼೅ಽ
|| ቀ ଵ௝ன஼ೞೢ೔೟೎೓ ൅ ܴ௦௪௜௧௖௛ ൅ ݆ɘܮ௦௪௜௧௖௛ቁ
|| ଵ
௝ன஼೅ಽ
ቃ ൅ ்ܴ௅ ൅ ݆ɘܮ்௅        
(4.3) 
where Zin and Zo are input and output impedance, RTL, LTL and CTL are the transmission 
line resistance, inductance and capacitance respectively.  
Since the operation frequency is much lower than the up state resonant frequency, LTL, 
RTL, Rswitch can be ignored in Equation 4.3, reducing it to Equation 4.4: 
                        ܼ݅݊ ൌ ቂሺܼͲ ൅ ݆ɘܮܶܮሻ || ቀ ͳ݆ɘܥݏݓ݅ݐ݄ܿ ൅ ݆ɘܮݏݓ݅ݐ݄ܿ ቁቃ ൅ ݆ɘܮܶܮ                               (4.4) 
A matching inductance can be derived from Equation 4.4 by equalizing (Zin = Zout). It 
should be noted that two values for inductance are found from Equation 4.4; however, due to the 
sensitivity of the phase shift along the transmission line, the smaller value should be selected. 
The length of the short transmission line (θ = βl) can be obtained by using Equation 4.5: 
                                                              ݐ݃ሺɅሻ ൌ ௅ఠ௓೓                                                                    (4.5) 
The length of the transmission line for Zh=85 Ω and ω=15 GHz is 300Ɋ݉.  
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(a) 
 
(b) 
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Figure 4.1. Switch with two SHITL. (a) Schematic: it consists of a 50 Ω CPW for under the 
bridge and two 85 Ω CPWs as SHITL. (b) The proposed electrical model of the MEMS 
switch. 
4.2.2 RF simulation result 
The measured S-parameters of the switch at the up and the down states are simulated by 
Electromagnetic 3 Dimension Simulator (EM3DS) and shown in Figure 4.2. It is discernible that 
the insertion loss (red) (S21) is less than 0.1 dB and the return loss (S11) (black) is almost less 
than -30 dB for the entire frequency band (6 – 24 GHz) at the up state (Figure 4.2.a). Moreover, 
isolation in the down state is better than 8 dB across the frequency band with values better than 
20 dB observed for frequencies above 18 GHz. A return loss (red) (S11) is more than -1dB for the 
entire frequency band (6-24 GHz) at the down state (Figure 4.2.b).  
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Figure 4.2. RF simulation result at both up and down states. (a) Up state: insertion loss 
(S21) (red) is less than 0.25 dB and the return loss (S11) (black) is more than 10 dB for the 
entire frequency band. (b) Down state: isolation (S21) (red) is more than 8 dB and the 
return loss (S11) is less than 1 dB for the whole frequency bands.  
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4.2.3 Mechanical simulation result 
As discussed in Chapter 3, the beam has an infinite number of modes and loading the 
beam in the associated mode is to be considered as very important. The first three natural 
frequencies for this beam are simulated by CoventorWare as shown in Figure 4.3.a-c. 
Apparently, the direction of the movement for the first resonant is suitable for the RF MEMS 
switch (70 kHz) (Figure 4.3.a) whereas the other modes do not provide appropriate contact 
between the transmission line and the bridge (Figure 4.3.a and b). Therefore, the mechanical 
parameters of MEMS switch should be calculated for this frequency. The details of dimension 
and mechanical parameters of the switch are given in Table 4.1. 
 
Figure 4.3. Natural frequencies of the beam. (a) First mode natural frequency is 70 kHz, (b) 
Second mode natural frequency is 78.7 kHz. (c) Third mode natural frequency is 130 kHz. 
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Table 4.1: Mechanical parameters of the simulated MEMS switch. 
Parameter Value Parameter Value 
Membrane width (μm) 140 F resonant (kHz) 70 
Membrane length (μm) 260 Dielectric thickness 
(Հሻ 
1000 
Actuation area (μm)2 120 ൈ140 Mass (nano gram) 60  
Membrane thickness (μm) 1 CPW thickness (μm) 1μm 
Gap between TL and 
membrane (g0) (μm) 
1.2 Spring constant (N/m) 11.2 
Vpull-in (V) 7 Switching time (μs) 6.5 
 
4.3 Discussion 
4.3.1 Electrical model 
Figure 4.4.a and b compares the simulation result of the scattering parameters of the 
physical structure obtained by using Electro Magnetic Three Dimension Software (EM3DS) with 
the scattering parameters extracted from the electrical model by using Agilent Design Software 
Genesys at both the up and down states, respectively. Consequently, an acceptable agreement 
between them at both the up and down states is observed. Table 4.2 displays the values of 
lumped electrical models. Moreover, the capacitance ratio pertaining to this switch is 17, which 
is less than other types of MEMS switches. For example, the capacitance ratio for a normal 
MEMS switch providing the same RF parameters should be more than 40. 
 
 
 
  
 
 
 
 
 
 
72 
 
Table 4.2 : RF MEMS switch electrical model.  
Parameters Value Parameters Value 
Cup (pF) 0.13pF RSwitch (Ω) 0.5 
Cdown (pF) 2.2 pF Lswitch (pH) 6 
Capacitor ratio  17 LSHITL(nH) 0.21 
 
 
 
Figure 4.4: Comparing the physical structure by EM3DS and electrical model by Genesys. 
(a) Comparing return loss (S11) at up state. (b)  Comparing isolation (S21) at down state. 
  
 
 
 
 
 
 
73 
 
4.3.2 Insertion loss 
 Figure 4.5.a and b shows the return loss (S11) of the switch with and without SHITL for 
the frequency of 6-24 GHz at the up state.  Figure 4.5.a (a) demonstrates that the values of S11 for 
the switch with SHITL is closer to the centre of the Smith chart than the switch without SHITL, 
in turn resulting in a desirable matching between the input and the output. Moreover, Figure 
4.5.b shows that the two SHITLs result in a resonant frequency and provide an excellent 
matching of -40 dB at almost 18 GHz. The reason seems to be that in this design, the capacitance 
behaviour of the MEMS switch at the up state is cancelled by choosing the proper value for 
SHITL from Equations 4.3 - 4.5. These two series SHITLs along with a shunt MEMS switch 
create a T match circuit providing an excellent matching between the input and the output as well 
as increasing the frequency band. Therefore, the amount of the capacitance at the up state can be 
increased to 0.13 pF. It should be noted that the RF performance improves for the larger SHITL 
value, albeit decreasing bandwidth, and vice versa.  
As shown in Figure 4.5.c, these two SHITLs do not affect the switch isolation at the 
down state since the isolation depends solely on the LC resonant frequency of the beam . 
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Figure 4.5: Comparing the RF parameters between the switch with SHITL (black) and 
without SHITL (blue). (a) The comparison of the matching between switches and 50 Ω 
ports on Smith chart diagram. (b) The comparison of the forward reflection coefficient 
(S11). (c) The comparison of the isolation (S21) at the down state. 
 
4.3.3 Isolation 
The isolation of the switch at down-state depends crucially on the LC resonant behaviour 
of the switch (Equation 4.6): 
                                                          ଴݂ ൌ ଵଶగξ௅஼                                                              (4.6) 
where C depends on the quality and the contact area between the membrane and the 
signal line (this will be analysed in Chapters 7). The inductance of the membrane (L) is mainly 
determined by the portion of the bridge over the CPW slots. As previously shown, the inductance 
of the normal membrane falls between 5-10 pH. This amount can be increased by introducing a 
different structure for the membrane. Figure 4.6.a demonstrates the membrane with inductive 
arms (meander structure). The details of the structure are provided in Table 4.3.   
Figure 4.6.b compares the isolation between the two types of membrane: normal and 
meander type. Unlike the normal membrane which has an LC resonant frequency at mm-wave 
frequency, the LC resonant frequency for a meander type MEMS switch lies almost at X band 
frequency. Hence, the meander membrane provides a better isolation at X bands frequencies. 
However, this results in several detriments on the switch. Firstly, as explained in Chapter 3, the 
introduction of an inductive arm adversely affects the mechanical parameters such as switching 
time. Table 4.4 compares the mechanical parameters between a normal membrane and the 
meander one. It can be discerned that the switching time of the serpentine membrane is much 
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slower than the normal membrane. Secondly, the actuation voltage of this switch is decreased to 
3 V which is very close to the pull out voltage.  
 
 
Figure 4.6. (a) Meander type membrane structure. (b) Comparing the isolation for normal 
(black) and meander type membrane (red) by EM3DS. 
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Table 4.3: Details of the inductive arm. 
Parameter Value Parameter Value 
Lb 120μm W 20μm 
La  45μm T (thickness) 1.5μm 
 
 
Table 4.4: Mechanical parameters for normal and inductive membrane. 
Parameter Normal Membrane Inductive Membrane 
VPull-in  7 3 
k 11.2 2.1 
tswitch 6.5 15 
f0 70 KHz 30 
 
It will be discussed in Chapter 5 that dielectric charging is the main failure mechanism in 
the lifetime of electrostatically actuated RF MEMS capacitive switches due to a high electric 
filed across the dielectric. This causes the charges to tunnel from the top and the bottom 
electrodes into the dielectric. With repetitive ON-OFF cycles, charges progressively build up in 
the dielectric. This shifts the pull-in and pull-out voltage, resulting in a permanent stiction 
between the membrane and the transmission line.    
4.4 Conclusion 
In conclusion, this chapter explained in details how to design a low ES actuation-voltage 
MEMS switch for C-K band. Two short high impedance transmission lines were designed and 
included at both ends of the transmission line in order to improve the matching at the entire 
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frequency band at the up-state. Simulations are carried out using ElectroMagnetic 3D Simulator 
(EM3DS) and Coventorware to calculate the electrical and mechanical parameters. A return loss 
more than 30 dB at almost 20 GHz was reached at the up state. At the down state, an isolation 
better than 20 dB was reached. The calculated pull-in voltage was almost 7 V and the mechanical 
resonant frequency equalled 70 kHz. Moreover, it was observed that the isolation of the MEMS 
switch can be improved by using a low spring constant beam such as serpentine. Nevertheless, 
this has two major drawbacks: (i) the switching time is reduced due to the application of low 
spring constant beam, and (ii) a voltage shift may result in a permanent stiction between the 
membrane and the transmission line. In fact, a voltage shift is the main failure mechanism in the 
lifetime of electrostatically actuated RF MEMS capacitive switches, which in turn can be related 
to dielectric charging. This will be analysed more critically in the next chapter.  
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5 DESIGN AND SIMULATION OF A LOW 
ACTUATION-VOLTAGE SHIFT DRIVER FOR 
RF MEMS SWITCH 
5.1 Introduction 
Commercialisation of RF MEMS switches is hindered by the need for continuing 
improvements in reliability and packaging such as creep of metal membrane, stiction, fatigue in 
membrane and dielectric charging. Dielectric charging is the main failure mechanism in lifetime 
of electrostatically actuated capacitive RF MEMS switches as the mechanical problems for RF 
MEMS switches are minimised due to the high advance technology. The charges which are 
accumulated in the dielectric provoke a shift in the pull-in and pull-out voltages. This 
phenomenon becomes very critical at low actuation-voltage because it shifts the Vpull-in and Vpull-
out, causing the membrane to be self-actuated or stuck at down state [9, 56, 96, 97].  
Accordingly, the aim of this study is to introduce a method to reduce the dielectric 
charging. In this chapter, firstly, the dielectric charging theory and the effect on the reliability of 
MEMS switches are elucidated.  Secondly, the accumulated charge due to three types of 
actuation voltage waveforms, square wave, dual pulse (DP), and novel dual-pulse (NDP), are 
extensively studied and compared [94, 95, 98, 99]. An analytical method and two popular 
software tools, Advance Design System (ADS) and ANSYS, are utilised to compare the charge 
injection for each waveform. Thirdly, a ramp dual-pulse (RDP) actuation-voltage waveform is 
introduced to reduce the charge build-up and therefore prolong lifetime. Finlay, the impact of 
this waveform is investigated on the switch which was proposed in Chapter 4.  
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5.2 Theory and background 
5.2.1 Dielectric charging 
Figure 5.1.a, shows a cross section of the capacitive MEMS switch. While the switch is 
actuated, the membrane touches the dielectric. Therefore, the electric filed across the dielectric 
can be higher than 108 V/m due to actuation-voltage required to actuate the ES MEMS switch. 
This causes the charges to tunnel from the top and the bottom electrodes into the dielectric 
(Figure 5.1.a). Poole–Frenkel conduction through the dielectric could be responsible for the 
charging mechanism [100, 101]. With repetitive ON-OFF cycles, charges progressively build up 
in the dielectric, which shifts the pull-in and pull-out voltages (Figure 5.1.b). According to [94], 
the actuation-voltage shift due to dielectric charging can be obtained from Equation 5.1: 
                                                                     οܸ ൌ ொௗ௤ఌబఌೝ                                                     (5.1) 
where d is the distance between the bottom electrode and trapped charge sheet of density 
Q, q is electron charge (1.60218 e-19 C) and ε0, εr is the permittivity of dielectric. ΔV is 
proportional to the amount of accumulated charge. Therefore, more charges are accumulated and 
ΔV increases the actuation time. More importantly, the hold-down voltage drops to below 0 V, 
causing the membrane being stuck when the voltage is removed. 
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Figure 5.1: Dielectric charging. (a) Charges tunnelling from the top and the bottom 
electrodes into the dielectric. (b) Pull-in and pull-out voltages shift. 
5.2.2 Dielectric charging due to prevalent actuation voltage 
This section studies two approaches, equivalent-circuit model and equation-based model, 
for estimating the accumulated charge under different waveforms. The waveforms that are 
analysed in this section are: (i) square wave form, consisting of High for ON time which pull 
down the membrane, and Low for OFF time (Figure 5.2a), (ii) Dual Pulse (DP), comprising of 
short high voltage pulse (tONP)  to actuate the switch membrane and a low voltage pulse (tONH) to 
maintain the membrane at ON state (tONP+tONH=tON) (Figure 5.2.b), and (iii)  Novel Dual Pulse 
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(NDP) for which the actuation voltage is gradually increased at the beginning of the ON period 
instead of a short constant pulse in DP (Figure 5.2.c). 
 
 
Figure 5.2: Types of actuation voltage. (a) Square-Wave actuation signal [102]. (b) Dual 
Pulse actuation signal [103]. (c)  Novel Dual Pulse actuation signal  [95].  
5.2.3 Equivalent-circuit model  
As shown in Figure 5.3.a, two sets of RC circuits are employed to simulate the 
accumulated charge density with different charging and discharging time constants (τC and τD) . 
In order to correspond the resistances directly to the charging and discharging time constants, 
both capacitors are set to a unity. The charge flow is directed by the diodes in the circuit. Thus, 
the capacitor is charged through Rc during the switch on-time when the source voltage is larger 
than the capacitor voltage. Similarly, the capacitor discharges through Rd during the off-time 
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when the source voltage is smaller than the capacitor voltage. The sum of the accumulated 
charge in C1 and C2 presents the total charge trapped in the dielectric. Exponential voltage 
dependence of the steady-state charge densities was implemented in the two voltage sources V1 
and V2. The value of the voltage sources is determined by Equation 5.2: 
                                                                            ܳܬ ൌ ܳͲܬ ൈ ݁
ሺ ܸܸͲ݆ሻ                                                   (5.2) 
where QJ  is the steady-state charge density, V is the absolute value of the control voltage, 
Q0J and V0J are fitting parameters, and J is the type of trapped charge [94] .  
5.2.4 Equation-based model 
An equation-based model can be used to analyse the trapped charge under different 
actuation-voltages [94]. Figure 5.3.b depicts the dielectric charging and discharging curve under 
one cycle of the square waveform that starts from point A, and terminates at point E. According 
to Figure 5.3.b (b), the amount of trapped charge is the difference between E and A points. More 
information is provided in ref. [94]. 
The dielectric charging for each ON time of the operating cycle is expressed by Equation 
5.3: 
                                     ܳሺݐ ൅ ݐ௢௡ሻ ൌ ܳ௦ ൈ ቌͳെ ݁
ቆି
ቀ೟೚೙శ೟೐಻ቁ
ഓ಴
ቇ ൅ ௧ܳ ൈ ݁
൬ିሺ೟೚೙ሻഓ಴ ൰ቍ                (5.3) 
where QS is the source charge-injection, and Q(t) is the initial charge on the dielectric 
before the ON time starts. Equation 5.4 presents the charge left on the dielectric after the OFF 
time: 
                                          ܳ൫ݐ ൅ ݐ௢௡ ൅ ݐ௢௙௙ ൯ ൌ ܳሺݐ ൅ ݐ௢௡ሻ ൈ ݁൬ି
ሺ೟೚೙ሻ
ഓವ
൰
                              (5.4) 
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 It is assumed that the pristine switch is used to compare the charge density under 
different actuation-voltages (Q(t)=0). If tON ا ɒC and tOFF ا ɒD, Equation 5.3 and Equation 5.4 
reduce to: 
                                                        ܳሺݐ௢௡ሻ ൌ ௦ܳ ൈ ௧೚೙ఛ಴                                                            (5.5) 
                                             ܳ൫ݐ௢௡ ൅ ݐ௢௙௙൯ ൌ ܳሺݐ௢௡ሻ ൈ ሺͳ െ ௧೚೑೑ఛವ ሻ                                      (5.6) 
All waveforms are different in ON time, thus the accumulated charge density is 
investigated in the same interval. Equations 5.7 - 5.9 specify sources of charge-injection for the 
square wave, dual pulse, and novel dual-pulse waveforms, respectively: 
                                                     ܳௌ ൌ ܳ௣ ݐ ൑ ݐைே                                               (5.7) 
                                             ܳௌ ൌ ൜ܳ௉ ݐ ൑ ݐைே௉ܳுݐைே௉ ൑ ݐ ൑  ݐைே௉ ൅ ݐைேு                                     (5.8) 
                           ܳௌ ൌ ቊ ܳு ൅ ሺܳ௉ െܳுሻሺͳ െ ݁
ି௧ೀಿು
ഓ಴ ሻݐ ൑ ݐைே௉ܳுݐைே௉ ൑ ݐ ൑ ݐைே௉ ൅ ݐைேு 
       (5.9) 
where QP is the maximum charge-injection density in tONP, and QH is the charge-injection 
density in tONH (QP-QH=ΔQ). Equations 5.10 - 5.12 can be used to calculate the accumulated 
charge density for the square wave, dual pulse, and novel dual-pulse waveforms, respectively: 
                                                    ܳሺݐ௢௡ሻ ൌ ܳ௣ ൈ ௧೚೙ఛ಴  οܸ                                                      (5.10) 
                                                ܳ൫ݐ௢௡ ൅ ݐ௢௙௙൯ ؆ ܳ௣ ൈ ௧೚೙ఛ಴ െ οܳ
௧೚೙ಹ
ఛ಴
.                                (5.11) 
                              ܳ൫ݐ௢௡௣ ൅ ݐைேு൯ ؆ ܳ௣ ൈ ௧೚೙ఛ಴ െ οܳ
௧೚೙ಹ
ఛ಴
െ οܳ ൈ ݁൬ି
൫೟೚೙೛ ൯
ഓ಴
൰ ൈ ௧೚೙೛ఛ಴        (5.12) 
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Figure 5.3: (a) Equivalent-circuit model for transient circuit simulation (Reprinted 
(adapted) with permission from [95]. 2015. IEEE). (b) Charging and discharging curve 
under square-wave actuation voltage ((Reprinted (adapted) with permission from. [94], 
IEEE, 2015). 
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5.3  RDP actuation signal 
Ramp dual-pulse (RDP) actuation signal is proposed to enhance the lifetime of the 
switch. The RDP actuation driver continuously increases the actuation voltage at the beginning 
of the ON period rather than a short constant pulse (Figure 5.4.a), reducing the dielectric 
charging by effectively reducing the time where high voltage is applied .  Another major benefit 
of this method is the ease of implementation. The proposed actuation voltage can be driven by 
incorporating a circuit after the peak voltage source, as shown in Figure 5.4.b. This analogue 
circuit can be utilized for any RF MEMS capacitive switch. Admittedly, the RC value has to be 
properly tuned for a particular MEMS switch so that the switch operates correctly and does not 
compromise too much on the delay in the switching time [57, 95].  
5.3.1 Equivalent-circuit model 
Figure 5.4.b shows the equivalent circuit model for the proposed voltage driver to realise 
the RDP waveform. This driver was obtained by introducing an analogue circuit, as shown in 
this Figure, after the peak voltage source. Figure 5.4.c compares the dielectric charging between 
DP actuation signal, NDP actuation signal, and RDP actuation signal with equal duty cycles (100 
Hz). It is understood from Figure 5.4 that the RDP waveform successfully reduces the 
accumulated charge and increases the lifetime due to less actuation-voltage shift. 
5.3.2  Equation-based model 
Source charge-injection is determined by Equation 5.13 for ramp dual-pulse waveform: 
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                                   ܳௌ ൌ  ቐ ܳு ൅ ሺܳ௉ െܳுሻ ቆݐೀಿುഓ಴ ቇ ݐ ൑ ݐைே௉
ܳுݐைே௉ ൑ ݐ ൑ ݐைே௉ ൅ ݐைேு 
          (5.13) 
Accumulated charge density for the proposed actuation-voltage in ON time can be 
calculated as: 
                                          ܳ൫ݐ௢௡௣ ൅ ݐைேு൯ ؆ ܳ௣ ൈ ௧೚೙ఛ಴ െ οܳ
௧೚೙ಹ
ఛ಴
െ οܳ ൈ ௧೚೙೛ఛ಴                  (5.14) 
 
A comparison between Equations 5.10 - 5.12 and Equation 5.14 shows that the RDP has 
the lowest accumulated charge among all waveforms. 
5.3.3 Switching time 
ANSYS software is used to determine the switching speed. The mechanical parameters of 
the switch are chosen as those used in ref. [99]. There are 24355 nodes on the actuation area and 
maximum electrostatic force is 9.56×10−6 N downward. For the considered structure, Figure 
5.5.a-c shows the simulated membrane displacement when different actuation-voltage 
waveforms are applied. The gap between the membrane and the dielectric is about 2 μm. In 
square-wave and dual pulse waveforms, maximum electrostatic force occurs immediately. Thus, 
calculated switching time is approximately 2 μs (Figure 5.5.a). The NDP and RDP waveforms 
gradually increase the actuation voltage, therefore the membrane reaches the contact later than 
the square-wave and DP waveforms. The NDP and RDP switching times are approximately 4.1 
μs and 4.5 μs, respectively (Figure 5.5.b and c).  
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Figure 5.4:  (a) A 100 Hz RDP actuation voltage with 30 V peak voltage and 15 V holding 
voltage. (b) Equivalent-circuit model for RDP waveform. (c) Comparison of dielectric 
charging effect between DP, NDP, and RDP. 
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Figure 5.5: Switching time simulation under different actuation-voltage: (a) Dual pulse. (b) 
Novel dual-pulse. (c) Ramp dual-pulse. 
 
5.4 Discussion 
5.4.1 Switching time 
Table 5.1 summarises the performance of the RDP actuation voltage along with results 
from previously introduced actuation-voltage for comparison. It is clear that, with the proposed 
waveform, the reduction of the accumulated charge density in capacitive MEMS switch is 
demonstrated exclusively, leading to less voltage shift and eventually increasing the lifetime of 
the MEMS switch. Moreover, although the NDP and RDP waveforms increase the switching 
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time, these waveforms decrease the settling time due to the lower velocity of membrane at 
contact. Therefore, the membrane achieves a steady state on electrode faster.  
 
Table 5.1: Performance comparison of different actuation-voltage waveforms. 
Actuation-Voltage Waveform  QMAX (q/cm2) ΔV (V) Switching Time (μs) 
Square Wave 7.704E11 3.833 2 
Dual Pulse 3.743E11 1.862 2 
Novel Dual-Pulse 3.545E11 1.764 4.11 
Proposed Waveform (RDP)  3.248E11 1.616 4.52 
5.4.2 Impact of RDP on the proposed switch  
The effect of voltage drivers, square actuation signal and RDP actuation signal with the 
same duty cycle of 100 Hz, on the suggested switch in Chapter 4 is presented in Figure 5.6 and 
Table 5.2. As can be seen from Figure 5.6.a, the voltage shifts for RDP wave is half of the square 
wave (1.3 V and 2.6 V for the RDP and the square wave drivers, respectively). Moreover, Figure 
5.6.b presents the capacitance and pull-out voltage (C-V) curve. It can be seen that the pull-out 
voltage drops to below 0 V for both drivers, causing the membrane being stuck when the voltage 
is removed. This means that the pull out voltage for the MEMS switch with square wave and 
RDP should be more than 2.6 V and 1.3 V, respectively, in order to avoid the stiction. Figure 
5.6.c compares the time-domain response for the proposed switch under the RDP and square 
voltage drivers. Square and RDP switching times are approximately 8.7 μs and 9.2 μs, 
respectively. The simulation results which are gained by Mathematica agrees well those obtained 
with CoventorWare software. 
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Table 5.2: Effect of drivers on voltage shift and switching time. 
Parameter Voltage shift Switching time (μs) 
Switch without pulse driver  0 6.5 
Switch with Dual pulse  2.6 8.7 
Switch with RDP driver 1.3 9.2 
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Figure 5.6: Effect of RDP waveforms on MEMS switch. (a) Comparison of actuation-
voltage shift between square and RDP. (b) C/V curve shift by square and RDP actuation-
voltage. (c) Effects of the actuation signal waveform on the switching time. 
5.5 Conclusion 
The dielectric charging generated by different types of actuation-voltage waveforms was 
analysed by analytical and transient circuit model of dielectric charging. The amount of 
accumulated charge relies on the types of the actuation voltage. Dual pulse actuation voltage 
reduces the accumulated charge significantly. The proposed method (RDP) is a type of dual 
pulse actuation voltage which reduces the accumulated charge density by 13.5% while the NDP 
method reduces 5.3% compared to the DP method. Also, the switching time of the proposed 
actuation voltage is almost the same as that of the NDP. Therefore, the proposed waveform is 
well suited for long life capacitive MEMS switches. Finally, the effect of the square wave and 
RDP were examined on the switch proposed in Chapter 4. The voltage shift and switching time 
for the RDP are 1.3 V and 8.7 μs while for the DP are 2.6 V and 9.2 μs. 
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6 FABRICATION OF THE RF MEMS SWITCH  
6.1 Overview 
 The present chapter proposes a new technique for the fabrication of RF MEMS switch. 
Firstly, merits and drawbacks of the existing techniques employed for fabrication of RF MEMS 
switches are introduced in Section 2. Secondly, a description on the material and tools used in 
this project is given in Section 3. Thirdly, details of the protocols developed and optimised for 
the fabrication of the RF MEMS switch are provided in Section 4. Finally, the planarity and 
releasing of the membrane are comprehensively investigated and discussed in Section 5.  
6.2 Background 
The structure of a typical RF MEMS shunt switch is shown in Figure 6.1. The switch 
consists of a bridge which is suspended over a coplanar wave guide (CPW) transmission line and 
fixed at both ends to the ground of the CPW. In this switch, the shape and structure of the bridge 
membrane are critically important as they directly affect both electrical and mechanical resonant 
frequencies.  
When fabricating a membrane for an RF MEMS switch, three issues are encountered as 
follows (see Figure 6.1). The first issue is the shape of the membrane which is non-flat, and it 
also has two sharp edges with 90o sidewall. The non-flat membrane is occurred because of the 
uneven surface between signal and ground lines after patterning the first layer of the CPW, the 
type and the characteristic of photoresist (size, thickness), the techniques of coating (spin, spray, 
or electro deposition), the lithography parameters (temperature, UV exposure, and developing). 
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This uneven surface deteriorates the performance of the switch as it increases the fringing 
capacitance, and reduces the contact between the electrodes [55]. A flat membrane was reported 
in ref.  [104, 105] by filling the gap after patterning the CPW followed by a chemical-mechanical 
polishing (CMP). Although this technique greatly improves the flatness and planarization of the 
membrane, it is very expensive and complicated. Also, the sharp edge sidewalls increase the risk 
of bending or cracking during releasing.  
The second issue is the thickness homogeneity of the metal along the profile of the bridge 
after patterning the bridge (Figure 6.1). The shadowing effects cause much thinner vertical side 
walls in comparison to the bridge thickness, resulting in the bridge to collapse during the 
releasing step [106]. Thus, one more step of fabrication process is required for patterning the 
anchor which consists of: spin coating, soft bake, aligning mask and UV exposure, developing 
unexposed area, sputtering Aluminium, and lift-off. However, this step not only increases the 
fabrication time (almost by one day), but is also costly. The steps involved in the fabrication 
process of RF MEMS switches are shown in Figure 6.2. The process mainly consists of five 
steps: (i) patterning electrode, (ii) patterning transmission line, (iii) patterning anchor, (iv) 
patterning membrane, and (v) releasing the membrane. The whole process takes about four days 
to complete. 
The third issue is the collapse and buckling of the bridge during the wet or dry releasing 
process. The risk of collapsing in wet release can be reduced if the membrane is rinsed by low 
surface tension liquids (acetone, methanol and IPA in order) [54] or dried by CO2 supercritical 
dryer [107]. Dry release is easier than wet release because it eliminates the collapsing of the 
bridge. Oxygen (O2) plasma is used to remove the photoresist in dry release. Saha et al. [108] 
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used two experiments to release a membrane. In the first experiment, the sacrificial layer under 
the bridge is etched and the membrane is released at 400 W. However, using high power O2 
plasma for releasing the bridge increases the compressive stress in the membrane, resulting in the 
buckling of the membrane [109, 110]. In the second experiment, etching holes are incorporated 
in the membrane to avoid the problem of buckling. The membrane is released at 150 W because 
O2 plasma reaches the sacrificial layer under the bridge through the holes on the surface and the 
two openings at both sides. Although introducing the etching holes on the beam results in a faster 
and convenient release process, it reduces the mechanical resonant frequency of the beam, as 
well as the isolation of the switch while the switch is in contact [10, 111, 112]. The parameters of 
the releasing process by O2 plasma, power, pressure, and photoresist thickness, were 
comprehensively investigated by Rahman et al., Mulloni et al. and Yu et al. [52, 109, 110]. The 
releasing became more critical when the photoresist was hard baked as it made a thermal cross 
link. For example, Saha et al. [108] removed the hard baked photoresist sacrificial layer (baking 
at 130o) by a combination of dry and wet release. This has two main drawbacks. Firstly, the risk 
of collapsing is increased as it involves liquid to remove the photoresist. Secondly, acetone 
cannot remove the hard baked photoresist, and thus other types of etchant liquid such as 
Microposit 1165, Az 100 or Kwik strip need to be used. It should be noted that if the photoresist 
is extra hard baked, it may not be removed by liquid etchant. 
Accordingly, this chapter proposes a new method for fabrication of a bridge particularly 
for RF MEMS switches in order to address the above-mentioned three issues. The contributions 
of this chapter are as follows:  
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• The first contribution of the chapter is the introduction of a fabrication protocol 
for developing a membrane for RF MEMS switch applications based on the extra hard baked 
photoresist. Motivated in part by the work of Soulimane et al. [104], Saha et al. [108](11), and 
Nasabi et al. [113] (14), this protocol not only reduces the fabrication steps by 30%, but also 
improves the flatness of the bridge and softening of the edges.  
• The second contribution of this chapter is the introduction of a low power (250 
W) dry release process for a membrane without any etching holes and extra hard baked 
photoresist at 220oC. By using this approach, the compressive residual stress is minimised, 
eliminating the buckling of the membrane.  
 
Figure 6.1: Issues with RF MEMS bridge: uneven surface membrane, sharp edges, and 
non-uniform metal thickness along the structure. 
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Figure 6.2: Fabrication process of RF MEMS switch. 
6.3 Device and material for fabrication 
6.3.1 Materials and reagents 
Figure 6.3 shows materials and reagents used in this project: 
x Substrate: 
High resistivity silicon (20 kΩ.cm) (HR silicon) and permittivity (ε) of 11.6, single side 
polished was used as a substrate for this project. This Si was purchased from WRS 
MATERIALS. 
x Chemical 
AZ4562 and AZ 1512 are used as photoresists in this project. These are positive photo 
resists, being developed when they are exposed by UV light. A mixture of AZ400 used for 
developing. Acetone and IPA are used for removing the photoresist as well as cleaning. 
  
 
 
 
 
 
 
100 
 
x Mask 
The total of 5 masks are designed by using Adobe illustrator, and printed on transparency 
films as shown in Figure 6.3.c. Each mask contains desired features, and alignment marks (one 
for aligning with previous mask and one for the next mask).  
x Metallisation 
Aluminium is used for the structural layer, and Cr is used for increasing the adhesion 
between the Al layer and the substrate. Figure 6.3.d shows the Al and Cr targets used for 
sputtering.  
 
Figure 6.3: Materials and reagents. (a) High resistivity silicon substrate. (b) Chemicals for 
microfabrication: photoresist (AZ4562, 1512), acetone, IPA and AZ400K. (c) Mask on 
quartz. (d) Al and Cr targets. 
6.3.2 Equipment 
Figure 6.4 shows the devices which are used for this fabrication. 
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x Photolithography  
A series of facilities were used in the photolithography process: (a) EVG 6200 mask 
aligner was used for photolithography and aligning multi-layer, spin coater was used to deposit a 
uniform photoresist on the substrate, hot plate was used for soft and post baking of the 
photoresist. The key parameters for the photolithography are the properties of the resist, angular 
spin speed, energy of UV and soft bake temperature. These parameters are optimised based on 
applications which will be discussed in the next session.  
x Sputtering deposition system 
Anatech Hummer BC-20 RF/DC sputtering system is used to deposit both Cr and Al on 
to the substrate. This system consists of a RF and dual DC power supply. The key parameters for 
sputtering Al are adhesion, smoothness and planarity which should be optimised by the power, 
time and the gas flow. 
x Profilometer 
The profilometer is a very useful device used to characterise the surface steps, thickness 
and the roughness of the sample after each process of the fabrication.     
x Plasma asher 
PVA TePla plasma etcher was used to remove the photoresist via dry etch technique. The 
key parameters are gas, pressure, power and time which are comprehensively discussed at each 
step  
x SEM 
FEG-SEM is the FEI NovaNanoSEM-430 at MCN is used to characterization of surface 
topography. 
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Figure 6.4: Tools for RF MEMS fabrication. (a) EVG 6200 mask aligner. (b) Anatech 
Hummer BC-20 sputtering system. (c) PVA TePla plasma asher. d) FEG-SEM.  
6.4 Proposed fabrication protocol 
RF MEMS switches were fabricated using the standard photolithography technique. The 
fabrication process in principal is compatible with the CMOS fabrication process.  Figure 6.5 
gives the details of the proposed fabrication process of the RF MEMS switch which is discussed 
as below:   
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Figure 6.5: Cross-sectional view of the RF MEMS switch in different fabrication steps. (a) 
First lithography step using AZ1512 and photomask 1. (b) Deposition of Aluminium 
through the sputtering technique. (c) Patterning Aluminium using the lift-off technique. (d) 
Filling the gaps using the photoresist to planarise the surface. (e) Depositing photoresist to 
form the sacrificial layer. (f) Depositing photoresist for lift-off process to pattern the 
Aluminium film. (g) Depositing Aluminium film. (h) Patterning Aluminium by completing 
the lift-off process. (i) Releasing the bridge by removing the sacrificial layer using the 
modified dry etching technique. 
x Step 1  
Step 1 presents the first photolithography task to achieve the sacrificial layer for lift-off 
for patterning the transmission line. The lithography for patterning the transmission line is shown 
in Figure 6.6 and the details are given below:  
Spin coating: 
The thickness of the film obtained depends on the properties of the resist and the angular 
spin speed. The thickness of the sacrificial layer should be more than 4 μm to pattern 1 μm Al 
via lift-off technique, therefore, the positive photoresist AZ4562 was chosen.  
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Moreover, in order to get a flat and smooth photoresist on the wafer the chuked of the 
resist spinner should be ramped up and down slowly. For example, a desirable recipe for getting 
a flat and smooth 5 μm AZ4562 can be achieved as follows. Firstly, in the spin up the chuck is 
ramped up to 500 rpm and 1500 rpm with 15 s and 10 s, respectively, in order to get an even 
coverage over the wafer. Secondly, the chuck is ramped up to 3000 for 30 s to reach a thickness 
about 5 μm. In the spin down, the chuck is ramped down to 1000 rpm for 10 s and then 
decelerates to zero.  
x Soft bake 
The sample was soft baked at ͳͳͲ୭for 90 s after spinning the sample. This step 
stabilizes the resist film at room temperature, and also removes excess solvent. In addition to 
improving adhesion, the soft-bake makes the films less tacky, rendering it less susceptible to 
particulate contamination. 
Photolithography 
Then, the printed mask film was cleaned with IPA and died using nitrogen. Acetone 
should not be used for cleaning the transparent film masks as it would remove the printed ink. To 
load the mask on to the mask aligner, the mask film needs to be placed on to the mask aligner. 
The mask was cut to fit on to the square quartz. The transparent mask was centred and taped to 
the quartz substrate using Kapton tapes with emulision side facing up. Then, the resist-coated 
wafer is exposed by UV-light exposure using EVG6200 mask aligner with a dosage of 150 
mJ/cm2. The outcome of this step is an oxidized wafer with exposed photoresist wherever with 
the mask was clear.  
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Developing 
The exposed photoresist was developed by removing exposed area using 1:4 ratio of 
AZ400K developer to DI water for 1 minute. This step is one of the most critical steps in the 
photoresist process, as the resist-developer interactions to a large extent determine the shape of 
the photoresist.  
 
Figure 6.6: Lithography for patterning the transmission line. (a) HR substrate. (b) AZ4562 
spin coating. (c) UV light via mask 1 d) developing. 
x Step 2  
Figure 6.5.b shows the sputtering process for patterning of 1 μm Al transmission line. 
Anatech Hummer BC-20 RF/DC sputtering system was used for this process and a set of 
experiments were done in order to achieve the optimised value for gas flow, power and time 
(Table 6.1).  In the first step, targets (Al and Cr) and silicon substrate are positioned separately 
within a vacuum system where most of the air pumped out, resulting in very low pressure (1exp-
7) (see Figure 6.7). This step takes about half a day. In the second step, the shutter for Cr is 
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opened for 1 minute, depositing 10 nm of Cr on the substrate to increase the adhesion between 
the substrate and the Aluminium. Finally, the Cr shutter was closed and the Al shutter was 
opened. The system should be halted every 20 minutes otherwise it burns the photoresist. Figure 
6.7.c and d compares the difference between good and bad depositions of Al on the substrate. 
Table 6.1: Optimised value for metallization. 
Step Material DC power  Time Gas/flow Thickness (μm) 
1 Cr 150 1min  
 
Ar-20Sccm 0.01 
2 Al 150 3×15 min Ar-20sccm 1 
 
 
  
 
 
 
 
 
 
107 
 
Figure 6.7: Sputtering Aluminium. (a) Chamber. (b) RF and DC target holder. (c) Uniform 
Al sputtering with optimised value. (d) Non-uniform Al sputtering.  
x Step 3  
Figure 6.5.c, presents the lift-off for patterning transmission line. The sample was 
immersed in acetone and ultrasonicated for 3-5 minutes to remove the photoresist, leaving the 
aluminium pattern layer on the wafer. Then, the sample was cleaned with Acetone, IPA and DI 
water to make sure no residue remains on the substrate. Figure 6.8 shows the outcome of this 
step and measurement with profilometer. It is seen that the thickness of the transmission line is 1 
μm. 
 
Figure 6.8: Transmission line thickness. 
x Step 4 
Figure 6.5.d, presents the planarization of the surface. The same lithography process 
which had been explained before was applied, except that AZ1512 was spun as a photoresist. 
Then, the sample was soft baked at ͳͳͲ୭  for 90 s followed by exposing to UV-light with a 
dose of 75 mJ/cm2. Next, the exposed area was removed using 1:4 ratio of AZ400K developer to 
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DI water. It is important to state that eliminating this layer could result in an uneven surface 
which could result in severe problems such as poor contact in the following fabrication steps. 
Next, the sample was treated by plasma Asher for 3 minutes in order to planarise the surface 
further.  
x Step 5  
 Figure 6.5.e, presents the sacrificial layer, providing a mechanical support for the bridge prior to 
release. The same lithography process as Step 1 was applied, except that AZ3652 was spun and 
used for the lithography purpose. Then, the sample was soft baked at ͳͳͲ୭ for 90 s followed by 
exposing to UV-light with the recommended dosage of 75 mJ/cm2, and then, the exposed area 
was removed using 1:4 ratio of AZ400K developer to DI water. The sample was hard baked at 
ʹʹͲ୭ for 3 minutes to ensure that the sacrificial layer can stand the subsequent processing. The 
comprehensive discussion on this part is given later in this chapter.  
x Step 6  
Figure 6.5.f shows the sacrificial layer for lift-off process to pattern the bridge. The same 
process as step 1for AZ4562 with mask e was used to pattern this sacrificial layer.  
x Step 7  
Figure 6.5.g (g) presents the sputtering of Al for patterning the bridge. This step was 
performed using the method described in the second paragraph of this section. However, Cr is 
not required at this step because Al is deposited on top of the Al.  
x Step 8:  
Figure 6.5.h demonstrates a patterning of the Aluminium bridge structure via the lift-off 
process.  This process as step 3 is used to remove AZ4562 sacrificial layer. However, the 
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sacrificial layer under the bridge is not affected and removed as there is an extra cross link 
between the AZ1512 photoresist and the Si. 
x Step 9 
The aim of this step is to release the bridge. PVA TePla which is a plasma etching system 
at MCN is used to remove the photoresist sacrificial layer. The key parameters for releasing the 
bridge by plasma etch are power, gas and time. A cross linked photoresist sacrificial layer cannot 
be removed by the normal oxygen plasma. A comprehensive discussion for this step to remove a 
cross linked photoresist sacrificial layer will be provided later in this chapter.  
6.5 Discussion and analysis 
6.5.1 Physical impact of hard baking on the bridge flatness 
i. Study on reflow of photoresist 
In order to investigate the impact of hard baking, we use only a one-mask process 
fabrication. The photoresist AZ1512 was spun at 700 rpm, and soft baked at ͳͳͲ୭ for 90 s. 
Then, the sample was exposed to UV-light at 75 mJ/cm2 using mask 3 (mask for the bridge), and 
then the exposed area was removed by developing in AZ400k. The structures were inspected 
using a Scanning Electron Microscope (FEG-SEM) and an Atomic Force Microscope (AFM). 
The results are shown in Figure 6.9.  
Figure 6.9.a shows the impact of hard baking on the roughness of the photoresist at 
220oC for 5 minutes. The roughness average value before and after the hard baking for 5Ɋ݉ଶ, 
measured by an AFM, are 0.98 nm and 0.36 nm, respectively. This is because the resin material 
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of the photoresist becomes soften and reflows at the temperature above the glass transition 
temperature, resulting in atomically smooth surface  and also a planar surface [109]. However, 
the thermal planarization of the resist could stop at a very high temperature due to the thermal 
cross linking of the resin. 
Figure 6.9.b compares the impact of the baking temperature (100oC, 140oC, 220oC) on 2 
μm photoresist (AZ1512) for three minutes. From the graphs, increasing the temperature reduces 
the contact angle between the photoresist and the substrate, resulting in a ramp shape photoresist 
structure. The effect of the baking time (3, 10 and 20 minutes) at 220oC was investigated and 
shown in Figure 6.9.c. The baking time does not strongly affect the shape of the photoresist. 
Thus, temperature plays a more dominant role on the length of the photoresist (AZ1512) than 
time. These findings agree well with the thermal reflow studies reported in the literature, e.g 
[113] and stated in Equations 6.1 and 6.2. 
                                                            ܮ் ൌ ටஜ೅௧ఘ                                                                ( 6.1)       
                                                      Ɋ்=ͶǤͺͶݔͳͲͳ͸݁ݔ݌ሺିସ଼ସǤଶ଴் ሻ                                 ( 6.2)       
where ୘ is the thermal reflow length, ρ is a photoresist density, Ɋ୘ is the fluid velocity, 
T is the temperature, and t is the time. It can be seen from the equation that the temperature plays 
more dominant role than the time. 
  
 
 
 
 
 
 
111 
 
 
Figure 6.9: Impact of hard baking on sacrificial layer. (a) Average roughness of the 
photoresist baked at 220oC for 3 minutes. (b) Impact of temperature (100oC, 140oC, 200oC) 
on 2μm photoresist for 3 minutes. (c) Impact of time (3, 10 and 20 minutes) on 2μm 
photoresist at 220oC. 
ii. Stability of the photoresist 
As discussed earlier, the structure of the RF MEMS switch depends on the stability of the 
photoresist. The sacrificial layer (AZ1512) should be sufficiently stable not to be dissolved in 
acetone during the bridge patterning (Step 5 of the fabrication process) but also be able to be 
removed at the last fabrication step to release the bridge structure (Figure 6.5.i). 
The increased hard bake temperature results in thermal crosslinking of the resist, and 
therefore the photoresist is more stable in AZ removers. The ranges of heat treatment and period 
to obtain such chemical stability are presented in Table 6.2. It can be seen that the photoresist 
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was completely dissolved within several minutes in acetone for temperatures below 220oC. 
Meanwhile, the photoresist that was heat treated above 200oC did not dissolve even after 10 
minutes of immersing in acetone as well as after ultrasonication. However, the photoresist can be 
removed by dipping in AZ100 for 50 minutes at 70oC or plasma ashing by O2. It should be noted 
that heating above 300oC causes the PR to crack and then lift off from the substrate. 
Table 6.2: Solvation of hard baked AZ1512 in acetone.  
Time (min) 3 10 15 20 
100 oC Completely Completely Completely Completely 
150 oC Completely Completely Completely Completely 
175 oC Completely Partially Partially Partially 
220 oC Not  Not Not Not 
iii. Impact of the reflow on the bridge  
Figure 6.10 compares the surface profile of the sacrificial layer prior to the reflow 
process and after the reflow process (Figure 6.10.a). Despite an extra step for planarizing the 
sacrificial at the third photolithography step (Figure 6.5.d), the sacrificial layer is still uneven 
around the CPW gap. The prominent feature of the sacrificial layer was measured as 50 μm wide 
and 0.3 μm high by using an AFM. The existence of this feature can be due to the misalignment 
of the photomask to the existing structure, spin coating and the type of photoresist [111]. The 
sacrificial layer not only was planarized further by a hard bake process at 220oC for 5 minutes 
(less than 20 nm) (Figure 6.10.a), the edge at the sidewalls also became smoother (Figure 
6.10.b).   
Figure 6.9 shows the impact of the hard baking on a single layer photoresist. As can be 
seen, the edges of the bridge structure has been softened. Also, the presence of the bumps at 
edges of the beam was evident. In contrast, Figure 6.10 does not show an evidence of such 
  
 
 
 
 
 
 
113 
 
bumps, as additional volume of photoresist filled the recess and planarized the surface of the 
bridge. It is also important to note that filling the recess depends on adding additional 
photoresist. This means that additional volume may not fill the recess and, therefore, the bumps 
could not disappear. Moreover, the additional volume of the photoresist will not change the 
natural angle of the bridge and the substrate, as the angle is determined by the surface energy 
equilibrium for three phase photoresist air-substrate-photoresist [114-116]. 
 
Figure 6.10: AFM measurement for the impact of hard baking (220oC for 3 minutes) (a) on 
the bridge. (b) Sidewalls of the bridge. 
6.5.2 Dry Release  
A set of experiment was carried out to identify the optimised process for removing the 
hard baked photoresist and releasing the RF MEMS bridge.  
The fabricated RF MEMS switch is shown in Figure 6.11.a. The dry release is carried out 
in the plasma asher, and it is very important to halt the etching process after 10 minutes for 5 
minutes otherwise the PR get baked at a very high temperature, becoming irremovable. The area 
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under the bridge is categorized into 3 zones in order to see how etching process works: Zone 1, 
Zone 2, and Zone 3 (Figure 6.11.b). After each experiment, we cut the bridge from different 
points (Zones 1, 2 or 3), inspecting the cross section to verify whether the PR has been 
completely removed.  The Scanning Electron Microscopy (FEG-SEM) is used to inspect under 
the bridge. The sample was mounted vertically inside the chamber using a carbon tape and a 5 
kV acceleration voltage to avoid the charging effect.  
Table 6.3 compares six different recipes for etching the photoresist under the bridge. 
Each recipe depends on the etchant gas or a combination of them (O2, Ar, CF4) and the etching 
parameters (power and pressure).   
The first recipe follows a normal dry release (anisotropic etch) which was discussed 
earlier. Upon inspection under a SEM, the PR at Zone 1 was only removed after 30 minutes 
while at other zones still remained intact. More interestingly, the amount of PR remained under 
the bridge for 30 minutes and 1 hour etch time were the same. Furthermore, not much 
improvement was observed by increasing the etch power from 250 W to 550 W. The first reason 
is that the gas has access only through the two sides to reach under the bridge as there was not 
any holes on the bridge. Another main reason is the interconnection between atoms of the PR 
which is very strong due to the cross-link at the high temperature.  
In the third etch recipe, Argon (Ar) was added to O2 with ratio of 1:1. The SEM result 
showed that this recipe only removed the PR at Zones 1 and 2, not being sufficient to remove the 
trapped PR in the middle (Zone 3). The reason for the improvement of the etch is that this 
increases the plasma density as well as dissociation of O2, enhancing a chemical reactivity [116] 
. Increasing the power from 250 W to 550 W leads to removing of the photoresist, and thus the 
  
 
 
 
 
 
 
115 
 
MEMS bridge was released successfully after 30 minutes (Figure 6.11.e). Although increasing 
the power results in an isotropic etch to remove the photoresist, the residual stress is increased 
and the membrane bends. The impact of power on the etch rate is discussed in [109].  
A further enhancement in the etch rate can be achieved by adding CF4 into the Ar-O 
mixture (recipe 5). The mixture of O2 and CF4 increases the isotropic behaviour of the etching of 
the photoresist removal. It is seen that the bridge can be released at 250 W and 550 W after 20 
minutes and 10 minutes, respectively. However, the presence of fluorine in the plasma adversely 
affects the silicon substrate by etching it, and curling the CPW up (Figure 6.11.f). 
Table 6.3: Dry release for RF MEMS switch. 
Step Gas 
(ratio) 
Power  
(W) 
Pressure 
(Pa) 
Time 
(min) 
Results 
1 O2 250 77 30 Anisotropic etching, it removes the 
photoresist at zone 1 
2 O2 550 77 30 Anisotropic etching, it removes the 
photoresist at zone 1 
3 O2:Ar 
(1:1) 
250 77 30 Anisotropic etching, it removes the 
photoresist at Zon1 and 2 
4 O2:Ar 
(1:1) 
550 77 30 Isotropic etching behaviour. It 
removes the photoresist at zones 
(1+2+3). The bridge is released, but 
it bends. 
5 O2:Ar:CF4 
(1:1:0.3) 
250 77 20 Isotropic etching behaviour. It 
removes the photoresist at zones 
(1+2+3). But Si is etched 
6 O2:Ar:CF4 
(1:1:0.3) 
550 77 10 Isotropic etching behaviour. It 
removes the photoresist at zones 
(1+2+3). But Si is etched 
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Figure 6.11:  Dry rerelease process. (a) Top view of the fabricated RF MEMS switch. (b) 
Top view of the under bridge zone areas: Zone 1 is the area close to the edge of the bridge, 
Zone 2 is the area in the middle of the bridge, and Zone 3 is the area between Zones 2 and 
1. (c, d) SEM-produced cross section view of the Recipes 1,2 and 3 at zone 1 and zone 3 
respectively. Recipes 1, 2 using O2 as etchant. The PR under the bridge is removed in Zone 
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1 but is trapped in Zones 2 and 3. Recipes 3 adding Ar and O2 as etchant at 250W. The PR 
under the bridge is removed in Zones 1 and 2 but is trapped in Zone 3. (e) SEM-produced 
cross section view of recipe 4 adding Ar to O2 at 550 Watt. The PR is removed from Zone 3 
and the bridge is released successfully. (f) SEM-produced cross section view of Recipes 5 
and 6 adding CF4, (O2-Ar-CF4 (1:1:0.3)), etching the silicon, and curling the Al up. 
6.6 Proposed dry Release 
According to the described experiments, the optimised recipe for releasing the RF MEMS 
switch bridge is given in Table 6.4. The power and pressure of the chamber were 250 W and 77 
Pa, respectively. These helped reduce the residual stress. First, O2 was released for 20 minutes to 
remove the photoresist at Zone 1. Then, Ar was added to O2 (O2:Ar (1:1)) for 10 minutes to 
remove the photoresist at Zone 2. This helped O2 remove the photoresist. Finally, CF4 was added 
to O2-Ar for 5 minutes. This increased the isotropic behaviour, releasing the bridge.  
The released bridge with this recipe is shown in Figure 6.12.a-c. Figure 6.12.a shows the 
SEM image of the cross section of the bridge in Zone 3. It is seen that there is no photoresist was 
remained under the bridge. Moreover, the sample was inspected under the optical microscope. 
The dark field image states that no metal residue were left on the sample (Figure 6.12.b).  
Figure 6.12.c shows the surface profile of the bridge after releasing. As can be seen, the 
bridge is plannar and unevenness due to the gap between the signal line and the ground is 
improved. Moreover, the edges at the sidewalls become smoother, which improves the 
reliability. 
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Figure 6.12: SEM-produced cross section view of the proposed recipes in Zone 3. (a) The 
PR is removed from all zones and the bridge is released. (b) Dark image by optical 
microscope: no metal residues were left on the sample. (c) Surface profile of the bridge.  
 
 
Table 6.4: Optimised dry release for RF MEMS switch. 
Step Gas  Power  
(W) 
Pressure 
(Pa) 
Time (min) Results 
1 O2 250 77 20 Remove photoresist from Zone 1 
2 O2:Ar (1:1) 250 77 10 Remove photoresist from Zones 
1 and 2 
3 O2:Ar:CF4    
(1:1:0.3) 
250 77 5 Remove photoresist from Zone 
1, Zone 2 and Zone 3 
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6.7 Conclusion 
This chapter presented a convenient method based on the extra hard bake of the 
photoresist and the associated releasing technique to realize a bridge for an RF MEMS switch. 
We used AZ1512 and AZ 4562 for sacrificial layer and photolithography, respectively. The 
contact angle between the sidewalls and the substrate was reduced by baking AZ 1512 at 220oC 
for 5 minutes. Accordingly, the vertical anchor became a ramp anchor. The SEM results show 
that the deposition of the metal becomes uniform along this structure. Moreover, it is shown that 
extra hard bake of the photoresist improves the smoothness of the edges and the planarization 
resulting in the reduction of  the risk of the fracture and fringing capacitance at the down state 
position, respectively. The AFM results show that the gap due to the uneven surface of the CPW 
reduces from 300 nm to less than 20 nm. Moreover, the average roughness is reduced from 0.98 
nm to 0.36 nm.  
Releasing is a critically important step for realising the bridge. Dry release based on the 
O2 plasma even at high power (550 W) could not remove the photoresist because of two reasons: 
(i) the lack of etching holes on the bridge making the etchant having access only through the 
sides, and (ii) the existence of the cross-link between the substrate and the photoresist due to the 
extra hard bake. This process is an optimised process for releasing the bridge which provides a 
minimum residual stress, and avoids the buckling of the bridge. The AFM and SEM results show 
that this technique not only improves the flatness of the bridge, which improves the performance 
of the device, but also reduces the number of fabrication steps by 30%. This fabrication process 
is highly compatible with standard IC silicon fabrication processes. 
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7 CHARACTERIZATION OF THE RF MEMS 
SWITCH 
7.1 Introduction 
The present chapter discusses the measurement of the RF and mechanical parameters of 
the fabricated RF MEMS switch presented in Chapter 6. The outline of this chapter is as follows: 
Section 2 provides some details on the setup process for measuring the scattering parameters. 
The details about the measurement process for evaluating the mechanical parameters and the 
results are given in Section 3. Finally, Section 4 provides a discussion on the measurement 
results.  
7.2 RF measurement 
On-wafer measurement setup is introduced for measuring the S parameters of the switch 
at both the up and the down states. 
7.2.1 Equipment for On-Wafer RF measurement 
The details and models of devices required for On-Wafer RF measurement are shown in 
Figure 7.1.a-c and details are given below: 
x Vector network analyser (VNA) 
The Anritsu 37369A, 40 GHz vector network analyser (VNA) was used for this 
experiment (Figure 7.1.a) in order to extract the scattering parameters of the switch.  
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Figure 7.1: On wafer measurement equipment. (a) Antrisu VNA.  (b) GGB MODEL 
40A microwave probe. (c) Layout of GGB CS5 Calibration Substrate. 
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x Microwave probe 
The GGB MODEL 40A microwave probe was used for this experiment (Figure 7.1.b). It 
has a K-connector, connecting to the VNA cable, and three plannar tips for mounting on the 
CPW transmission line.  
x Calibration substrate CS-5 
The accuracy of the measurement depends crucially on the calibration types to eliminate 
the errors being caused by the imperfection in the analyser and test setup. The GGB Cs-5 
calibration substrate on Alumina was used for calibrating the VNA (Figure 7.1.c). More details 
for this calibration substrate are provided in Appendix 4. 
7.2.2 Measurement setup 
Figure 7.2.a and b presents the schematic and actual on-wafer measurement setup for 
evaluating the performance of this switch. It consists of two parts: the first part is responsible for 
connecting the electrodes to the device under the test (DUT), containing of a probe station, 
microscope, and monitor. The second part measures the RF behaviour of the switch, including 
VNA, microwave probe, and microwave cable.  
Figure 7.3 describes the process of the measurement, and the details are as follows: 
x Step 1  
Connecting the microwave probes to the probe station using a relevant wrench and screw. 
Extra care should be taken in order to fix the probe to station properly since any failure will 
affect the probes.  
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x Step 2 
Planarizing the electrodes on the ground of the substrate. It is essential that all three tips 
be planarized on the same position. Any failure with this will lead to a serious problem in the 
measurement as it would not fit on the sample. 
x Step 3 
As it was discussed earlier, the accuracy of the measurement strongly depends on the 
calibration technique. Hence, the Short-Open-Load-Through (SOLT) calibration was performed 
for this experiment. The reason is that these four tests have electrical characteristics that are very 
different from one another so that each element contributes an important part to the overall 
calibration process. More details on calibration technique are provided in Appendix 4. 
x Step 4  
After the calibration, the wafer is substituted with the Cs-5 substrate. We, then, 
accommodate the probe on each of the two ports. While it is contacted to the wafer, data needs to 
be saved on floppy disk.  
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Figure 7.2: On wafer measurement set up. (a) Schematic setup for on-wafer RF 
measurement. (b) Actual setup for on-wafer measurement. 
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Figure 7.3: On wafer measurement process. 
7.2.3 RF result  
The RF performances of the MEMS switch are presented by S11 and S21 at both up and 
down states position. The measured S-parameters of the switch at the up and the down states are 
shown in Figure 7.4.a and b. It is demonstrated that the insertion loss (red) (S21) is almost 0.9 dB 
and the return loss (S11) (black) is more than 20 dB for the entire frequency band (6 – 24 GHz) at 
the up state (Figure 7.4.a). Moreover, this switch provides very good isolation (red) (S21), 9 dB at 
6 GHz and 20 dB at 24 GHz at the down state (Figure 7.4.b). 
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Figure 7.4: RF performance of the MEMS switch. (a) Up state: insertion loss (S21) (red) is 
less than 0.9 dB and the return loss (S11) (black) is more than 10 dB for the entire 
frequency band. (b) Down state: the isolation (S21) (red) is better than 8 dB and the 
insertion loss (S11) is less than 1 dB for the whole frequency bands.  
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7.3 Mechanical measurement 
7.3.1 Equipment  
x Laser Doppler vibrometer (LDV) 
Laser Doppler vibrometer (LDV) was utilised to determine the mechanical parameters of 
the MEMS switch. In fact, the functionality of the LDV is generally based on the difference 
between the scatter and backscattered beam at the surface of DUT. The basic operation of the 
LDV is displayed in Figure 7.5.a, where the process can be categorized into the following steps:  
(a) To begin with, the initial beam is divided into a reference beam and a test one. 
  
(b) Next, the test beam passes through the Bragg cell, which in turn adds a frequency shift of 
fb. Therefore, the test beam has a frequency equal to fo + fb  
 
(c) After that, the beam is directed and reflected to and from the target. Consequently, the 
motion of the target adds a Doppler shift (fd) to the reflected beam (fo+fb+fd).  
 
(d) Finally, a beam splitter is applied to combine the reflected beam from the target with the 
reference one; a combination which is then directed onto the detector. By doing so, it 
would possible to detect both the amplitude and the direction of movement.  
 
MSA 400 is a type of LDV, being used to analyse the vibrations and extract the 
mechanical model of the MEMS switch. The device, comprised of Microscope scanning mirror 
and laser feed, laser source, vibrometer controller and a junction box (Figure 7.5.b), was installed 
on an optical table in order to rid out of the noise. (More details are given in Appendix 5) 
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Figure 7.5: Laser Doppler vibrometer. (a) Basic components and operation (Courtesy: 
Wikipedia, aderaranch). (b) MSA 400 configuration. 
7.3.2 Measurement process 
The schematic overview to obtain the natural frequency versus DC voltage curve of the 
switch is shown in Figure 7.6.a. The electrodes of the micro switch are connected to the DC and 
AC sources. The former provides the electrostatic force leading to bending of the beam, whereas 
the latter excites the membrane at the natural frequencies of the membrane.  
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Figure 7.6: The measurement process to obtain the natural frequency. (a) Schematic 
overview to obtain the fnatural vs VDC. (b) Sample holder. (c) Sample under the scanning 
unit. 
The measurement to obtain the natural frequency (DC voltage) was carried out by using 
the MSA400. Firstly, the sample was fixed on the sample holder (Figure 7.6.b) and mounted 
under the scanning unit; so that the amplitude and the direction of movement can be detected 
based on the difference between the scatter and backscattered neon beam (Figure 7.6.c). Then, 
the Periodic Chirp Signal excitation was performed for this measurement, with small and 
constant AC voltage (1 V peak to peak with frequencies from 0 to 200 kHz) and variable DC 
voltage (offset value) from zero to pull-in voltage. The reason behind the application of the 
Periodic Chirp Signal for excitation is that the magnitude of excitation remains the same for all 
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frequencies of interest. In addition, a rectangular window filter was also utilised to offset leakage 
effects. More information regarding the class and type of excitation is illustrated in Appendix 5.  
7.3.3 Experimental result 
Figure 7.7.a shows the experimental frequency response at VDC equal to 0 V. The natural 
frequency and quality factor of this beam are 164 kHz and 90, respectively. Figure 7.7.b defines 
the effect of the DC voltage (electrostatic force) on the natural frequency of the beam. This curve 
is used in order to validate the accuracy of the measurement for the size of the switch [117]. It is 
discernible that the natural frequency for VاVpull-in remains almost the same by increasing the 
DC voltage. However, there is an appreciable decrease in the natural frequency for DC voltage 
close to the pull-in voltage (Vpull-in). It should be noted that the applied DC voltage must be lower 
than Vpull-in, otherwise the beam becomes unstable.   
 
Figure 7.7: MEMS switch natural frequency. (a) Natural frequency at DC equal to 0 V . (b) 
Variation of the resonant frequency with the DC voltage. 
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7.4 Discussion 
7.4.1 The electrical parameter 
Figure 7.8.a-c compares the scattering parameters of the measurement and the scattering 
parameters extracted from the electrical model with the Agilent Design Software at the both up 
and the down states (Chapter 4). As can be seen, there is a good agreement between the 
measurement and the electrical lumped model at both the up and the down states. The 
measurement values are illustrated in Table 7.1. The capacitance ratio for this switch is between 
12 up to 20, which is indeed less than other types of MEMS switches. Moreover, as it was 
discussed in Chapters 3 and 6, the isolation of the MEMS switch not only relies on the dimension 
of the contact area but also on the fabrication process. The new fabrication process briefly 
discussed in Chapter 6 has enhanced the isolation of the MEMS switch. For this experiment, the 
amount of the measurement at the down state capacitance is almost 55% of the theoretical value. 
According to ref. [55, 105, 118], the experimental value for the down state capacitance varies 
from 10% to 70% of the theoretical value. Therefore, this is a very good achievement as 
compared to other counterparts. 
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Figure 7.8. Comparison of the measurement result with electrical model simulation. (a) RF 
MEMS switch return loss at the up state. (b) RF MEMS switch isolation  at the down state. 
 
Table 7.1: Electrical model of the fabricated MEMS switch. 
Parameters Value Parameters Value 
Cup (pF) 
 
0.1-0.13pF RSwitch (Ω) 5 
Cdown(pF) 
 
1.6-2 pF Lswitch (pH) 5-10 
Cratio 
 
12-20 LSHITL(nH) 0.2nH 
 
7.4.2 Mechanical measurement 
The mechanical behaviour of the MEMS switch depends mainly on the shape, dimension 
of the MEMS bridge, and the gap between the ground electrode and the bridge. Although in this 
experiment the length and the width of the bridge were measured accurately by means of the 
profilometer, the thickness and the gap could not be measured accurately. Some of the main 
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factors that may have contributed to this failure are as follows. (i) The 
residual stress is introduced during the fabrication process. This results in an axial stress which 
curls the beam [91, 93, 117, 119]. Therefore, the thickness was not measureable by the SEM 
because the beam is not homogeneous and the edges are curled. (ii) The use of sputtering device 
for deposition of the bridge leads to uncertainties in the bridge thickness. In fact, the experiment 
performed on the Aluminium deposition showed that the deposition rate varied up to 40% with 
the same setup.  
Figure 7.9 shows the proposed method for calculating the mechanical parameters 
accurately based on the natural frequency versus DC voltage. Firstly, the initial values for the 
thickness and the gap dimension were estimated. These estimations were based on the average 
deposition rate being recorded in the logbook for sputtering the Aluminium and thickness of the 
sacrificial layer. The second step was to calculate the residual stress, which can be determined by 
matching the natural frequency predicted numerically to that measured experimentally at the 
Vdc=0. At last, the curve representing this function was then compared to an experimentally 
obtained curve. Thus, the values were changed until the experimentally and the numerically 
predicted curves fell within a predefined tolerance. The details of the dimension and the 
mechanical parameters are given in Table 7.2.        
The spring constant of the MEMS switch was calculated according to the measured 
natural frequency which is approximately 20 N/m. The pull-in voltage calculated based on the 
spring constant is very close to the measured pull-in voltage (DC test), which in turn confirms 
accuracy of the measurement.  The details of the dimension and the mechanical parameters of the 
MEMS bridge are demonstrated in Table 7.2.  
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Figure 7.9: The measuring process for calculating the physical dimension. 
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Table 7.2: Mechanical parameters of the fabricated MEMS switch. 
Parameter Value Parameter Value 
Membrane width 
(μm) 
140μm Dielectric Constant 
(SiO2)     
3.5-4 
Membrane length 
(μm) 
260 Dielectric thickness 
(Հሻ 
1200-1700 
Membrane 
thickness 
1.2-1.5 μm CPW thickness 1-1.2 μm 
Gap between TL 
and membrane (g0) 
1.2-1.6  Fringing 
capacitance 
1.2-1.4 
Vpull-in 18-25 Quality factor 90 
f0 164KHz Spring constant 20 n/m 
Residual stress 15-25Mpa Switching time 3 μs 
 
7.5 Conclusion 
In conclusion, this chapter presented the characterization process for determining the 
electrical and mechanical parameters of the fabricated low actuation voltage RF MEMS switch. 
At first, it showed the equipment and setup process for on-wafer measurement along with the 
calibration method. Secondly, the assumption that we used in Chapter 4, improving the RF 
parameters of the switch by adding a proper short section of transmission line (SHITL), was 
confirmed by the measurement results presented in this chapter. At the up state, a return loss less 
than -15 dB at almost 20 GHz was reached. Also, an isolation better than 14 dB was achieved 
due to the technique employed for improving the contact area between the transmission line and 
the membrane (Chapter 5) at the down state. Thirdly, the size, dimension and mechanical 
parameters of the switch were determined. The resonant frequency obtained by LDV is equal to 
164 kHz. As a result, the switching speed of the MEMS switch was enormously enhanced (3 μs) 
compared to other low actuation voltage RF MEMS switches. The pull-in voltage was measured 
by a simple DC test and it was almost 20 V.  
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8 CONCLUSION AND FUTURE WORK 
The primary objective of this thesis was to design, model, fabricate, and characterise a 
low insertion loss, high isolation, reliable and low actuation voltage RF MEMS switch. 
Fabricating such a switch required an interaction between materials and fabrication process, 
mechanical design, and high frequency engineering. This chapter highlights the results of the 
research work, and provides a list of recommended topics for future research efforts. 
8.1 Conclusion 
In conclusion, firstly, the present dissertation started with critical reviews on various 
approaches for reduction of the actuation voltage of RF MEMS electrostatic switches. The study 
was conducted based on various experiments and analysis published during the last decade. With 
the primary focus on low actuation voltage RF MEMS switch, only relevant and highly 
important articles are cited in this thesis. These methods are categorized into three groups: (1) 
reducing spring constant, (2) increasing the force, and (3) reducing the size. Although these 
methods are very suitable for many applications, neither of these techniques demonstrates a 
desirable performance in all aspects.  
Secondly, the RF parameters of the MEMS shunt capacitive switch relies on the 
capacitance ratio of the MEMS switch. This is the main important parameter of the MEMS 
switch which is known as the Figure of Merit (FOM). Although reducing the gap between the 
signal line and the membrane leads to a lower actuation voltage for the RF MEMS shunt switch, 
it decreases the capacitance ratio which deteriorates the RF parameters of the MEMS switch. In 
this work, in order to compensate the up state capacitance, two short high impedance 
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transmission lines are implemented between the switch and the I/O ports. Therefore, the switch 
along with these two SHITLs can be modelled as a T circuit which is not only offer the benefit of 
desirable matching in a large frequency band between the input and the output, but also the 
advantage of the increased capacitance as large as 130 fF at the up state. The measurement value 
with a VNA shows that a return loss of the switch is less than -20 dB in the entire frequency 
band (C-K) at the up state. Moreover, the isolation at the down state is better than 10 dB for the 
lower frequencies and increases to values better than 18 dB for the frequencies higher than 20 
GHz. The capacitance ratio of this switch is 20, while for the switch with the same performance 
should be at least 35. The measurements are in reasonable compliance with physical and 
analytical simulations by ElectroMagnetic 3D Simulator (EM3DS) and Agilent Deisgn Software 
(ADS). 
Thirdly, this thesis proposes a new shape of actuation-voltage waveform to enhance the 
reliability and life time of the MEMS switch. The analytical results show that the proposed 
actuation-voltage waveform, RDP, reduces the accumulated charge density by 13.5% compare to 
the Dual Pulse method. The voltage shift and switching time for the proposed shape are 1.3 V 
and 8.7 μs while for the DP are 2.6 V and 9.2 μs, respectively. 
Finally, this thesis developed a convenient fabrication process based on the extra hard 
bake of the photoresist and the associated releasing technique to realize a RF MEMS switch with 
a planar membrane. This method is far less complex and remarkably cheaper compared to other 
counterparts methods such as chemical-mechanical polishing (CMP) for realizing a plannar 
membrane. 
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Scanning Electron Microscopy and Atomic Force Microscopy shows that this technique 
not only simplifies the fabrication process, but also improves the surface flatness of the bridge. 
The measured pull-in voltage and resonant frequency of the switch are almost 20V and 164 kHz, 
respectively. As a result, the calculated switching speed and spring constant of the beam are 3 μs 
and 20 N/m, respectively. Moreover, the proposed fabrication approach enhances the isolation of 
the MEMS switch. This is due to a smooth and plannar contact area between the transmission 
line and the membrane. For this experiment, the amount of the measured isolation is almost 55% 
of the theoretical and simulated value. According to [55, 105, 118], the experimental value for 
the down state capacitance varies from 10% to 70% of the theoretical value. Therefore, this is a 
very good achievement compared to other counterparts. 
8.2 Future work  
8.2.1 Graphene and carbon nanotube switches  
An interesting extension of the current study would to replace metallic membrane with 
graphene or carbon nanotube [120, 121] . These materials have shown superior electrical and 
mechanical performance compared to other types of materials such as Aluminium, Copper or 
Gold. Therefore, they are good candidates to be used in RF NEMS switches, particularly where a 
low actuation voltage and a very fast switching speed are required.  However, as stated in 
Chapter 2 a number of practical problems still exists toward the successful and reliable operation 
of these switches. For example, uniformity of multilayer graphene as well as the physical contact 
between the graphene and substrate are still questionable. Therefore, there is still significant 
research is required to make these switches manufacturable.  
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8.2.2 Dielectric charging in high K dielectric 
Silicon dioxide (SiO2) or silicon nitride (SiN) are well known dielectrics for MEMS 
applications. The switch was developed in this thesis used SiO2 as a dielectric. An interesting 
extension of the current study is to replace these dielectrics with a high dielectric constant such 
as Crystalline AL2O3 and AlN instead of Silicon dioxide or silicon nitride [122, 123]. Therefore, 
the capacitance ratio is increased without increasing the actuation voltage. However, the 
charging behaviour of this material should be studied in detail before using them. 
8.2.3 Innovative materials development 
As discussed in Chapter 5, dielectric charging is the main failure of the capacitor MEMS 
switches. This thesis introduces a convenient method for reducing the dielectric charging in RF 
MEMS switches. The ultimate aim is to diminish the dielectric charging by using novel material 
such as ultra-non –crystalline diamond (UNCD). These devices exhibit uniquely different 
charging characteristics, with charging and discharging time constants 5-6 orders of magnitude 
quicker than conventional materials [124, 125]. Although, they have shown promising results, 
their charging behaviour and manufacturing of this material needs to be examined in detail 
before applying these materials. 
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9 APPENDIX 
9.1 Appendix 1: Transmission line theory 
The amount of voltage and current for a short section of the transmission line with the 
length of (l), (Figure 9.1.a), can be gained by using Equations 9.1.a and b.   
                                                            ܸሺݖሻ ൌ  ଴ܸା݁ିఊ௭ ൅  ଴ܸି ݁ାఊ௭                             (9.1.a) 
ܫሺݖሻ ൌ ܫ଴ା݁ିఊ௭ ൅ ܫ଴ି ݁ାఊ௭                               (9.1.b) 
The ABCD parameters of a length (l) of line having characterestic impedance Z0 are 
given in Equations 9.2.a-d.  
                                                          A= ߠ                                                                 (9.2.a) 
                                                          B=݆ܼ଴  ߠ                                                            (9.2.b) 
                                                          C=݆ ଴ܻ  ߠ                                                             (9.2.c) 
                                                          D=ߠ                                                                   (9.2.d) 
Accordingly the Z parameters are as follow: (9.3.a and b) 
ܼଵଵ ൌ ܼଶଶ ൌ ஺஼                                                       (9.3.a) 
ܼଶଵ ൌ ܼଶଵ ൌ ଵ஼             (9.3.b) 
A T equivalent circuit of short circuit transmission line, consisting of series and shunt 
element is shown in Figure 9.1.b. The series and shunt element can be calculated by using 
Equations 9.4.a and b. 
Series elementൌ ݆ܼ଴ ሺఏଶሻ           (9.4.a) 
Shunt elementൌ െ݆ܼ଴ ሺߠሻ         (9.4.b) 
For the electricl length (ߠሻless than గଶ , the series element has a positive reactance 
(inductors), while the shunt element has a negative reactance. We thus have the equivalent T 
circuit shown in Figure 9.1.c, where  
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௑
ଶ ൌ ܼ଴  ቀ
ఏ
ଶቁ            (9.5.a) 
ܤ ൌ ଵ௓బ ሺߠሻ                                            (9.5.b) 
This electrical model for a short high impedance transmission line reduces to series 
inductor (Figure 9.1.d), where X and B represented by Equations 9.6.a and b respectively:  
ܺ ؆  ܼ଴ ሺߠሻ                                         (9.6.a) 
ܤ ؆ Ͳ                                                     (9.6.b) 
Aaccordingly the electrical model for a short low impedance transmission line 
approximately reduces to a shunt capacitor (Figure 9.1.e), where X and B represented by 
Equations 9.7.a and b respectively:  
ܺ ؆ Ͳ                       (9.7.a) 
           ܤ ؆  ଴ܻ ሺߠሻ                                         (9.7.b) 
 
Figure 9.1: (a) Transmission line. (b) T circuit.  (c) Equivalent circuit for ࣂ ൏π/2.  (d) High 
Impedance transmission line equivalent. (e) Low impedance transmission line equivalent. 
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9.2 Appendix 2: Smith chart   
The relation between match and unmatched condition can be found by S11 on the Smith 
chart diagrams by using Equations 9.8 and 9.9. 
ݏଵଵ െ ʒଵାʒమ ൌ
ʒ
ଵାʒమ ቀ
ʒమି௘షమഁ೗
ଵି௘షమഁ೗ ቁ.                                             (9.8) 
   Г=௓బି௓ೞ௓బା௓ೞ                                                                  (9.9) 
Where Γ is reflection coefficient, β is propagation constant, l is length of transmission 
line, Z0 is characteristic impedance, Zs is reference impedance. The S11 is always rotates clock 
wise around Z0 from the DC point. The DC point is calculated from the input impedance of the 
transmission line Equation 9.10. 
                       ௜ܼ௡ ൌ ଴ܼ ௓ೞା௓బ௧௚ሺఉ௟ሻ௓బା௓ೞ ௧௚ሺఉ௟ሻ                           (9.10) 
Therefore 
Z0(f→0) < Zs then Z0(f→0) < Zin < Zs , Z0(f→0) > Zs then Z0(f→0) > Zin > Zs 
If Z0 < Zs, then S11 should rotate clock wise around Z0 with the DC starting point between 
Z0 and Zs. Therefore, the circle is on the left side of the transmission line (Figure 9.2). If Z0 > Zs, 
then S11 should rotate clock wise around Z0 with the DC starting point between Z0 and 50Ω. 
Therefore, the circle is on the right side of the transmission line (Figure 9.2). If Z0 = Zs, then the 
circle is at the centre of the Smith chart plane, performing the ideal matching. 
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Figure 9.2:  S11 on Smith chart for Zs = 50 Ω and Z0 = 80 Ω, 50 Ω and 20 Ω. 
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9.3 Appendix 3: Mechanical theory 
9.3.1 Equation of motion  
The equation of the beam motion is given as bellow:  
               డ
మ
డ௫మ ቀܧܫ
డమ୛ሺ୶ǡ୲ሻ
డ௫మ ቁ ൅ ߩܣ
డమ୛ሺ୶ǡ୲ሻ
డ௧మ ൅ ܥ
డ୛ሺ୶ǡ୲ሻ
డ௧ െ ܰ
డమ୛ሺ୶ǡ୲ሻ
డ௫మ ൌ ܨ    (9.11) 
where  
 
ሺǡሻ= The transverse deflection of a beam at point (x) and time (t) 
E: Young modulus 
I: Moment of inertia 
ρ: uniform density 
A: cross section 
C: viscous damping  
N(x,t)= tensile axial force 
F(x,t)= distribution force 
Equation 9.11 requires four boundary equations which can be determined from the 
geometrical features of the deflection, slope from the forces and moments balance at the beam 
ends. Table 9.1 shows the boundary condition for a cantilever and a fixed-fixed membrane.    
Table 9.1: Boundary condition for cantilever and dual fixed beam [92]. 
Types of beam Boundary condition at X=0 Boundary condition at X=l 
Cantilever beam  ሺǡ ሻ=0    
 డሺǡሻడ௫ ൌ Ͳ 
 
ܧܫ ߲
ଶሺǡ ሻ
߲ݔଶ ൌ Ͳ 
డ
డ௫(ܧܫ
డమௐሺ௟ǡ௧ሻ
డ௫మ )=0 
Dual fixed beam ሺǡ ሻ=0    
 డሺǡሻడ௫ ൌ Ͳ 
  
ሺǡ ሻ=0    
 డሺǡሻడ௫ ൌ Ͳ 
 
 
9.3.2 Natural frequency and mode shape 
Each beam consists of infinite number of natural frequency. However, the first 3 natural 
frequencies plays more dominant factor on the mode and shape of the beam. The ith natural 
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frequency for a beam without force (F=0), damping terms (C=0) and axial force (N=0) is given 
in Equation 9.12: 
߱௜ ൌ ට ாூఘ஺௟ర ߱௡௢௡ሺ௜ሻ              (9.12) 
Therefore, the natural frequency of the beam depends on the material (E,ρ), shape and 
size (ܫ, A, l ) and boundary condition (߱௡௢௡ ). The first three ߱௡௢௡  for a cantilever and dual fixed 
beam are given in Table 9.2. 
Table 9.2: ࣓࢔࢕࢔ for cantilever and dual fixed beam  
Types of beam ࣓࢔࢕࢔ሺ૚ሻ ࣓࢔࢕࢔ሺ૛ሻ ࣓࢔࢕࢔ሺ૜ሻ 
Cantilever 3.51602 22.034 61.7 
Dual fixed 22.373 61.67 120.9 
The mode shape of the beam can be calculated by using Equation 9.11 by setting W(x,t) 
=φ(x)݁௜ఠ௧  which φ(x) and ݁௜ఠ௧  are spatial function and a harmonic function  
                     ɔ௜ሺݔሻ=ܣ௜ ሺߚ௜ݔሻ ൅ ܤ௜ ሺߚ௜ݔሻ൅ ܥ௜ሺߚ௜ݔሻ൅ ܦ௜ሺߚ௜ݔሻ                (9.13) 
where ߚ௜ ൌ ඥ߱௡௢௡ሺ௜ሻ A,B,C,D are calculated based on the boundary condition (Table 9.3). The 
first 3 mode shapes of the clamped-clamped beam are shown in Table 9.3. 
Table 9.3: Mode shapes for clamped-clamped beam. 
Mode ࢼ A B C D 
1st  ͶǤ͹͵ 1.02 -1.02 -1.02 1.02 
2nd ͹Ǥͺͷ 0.99 -0.99 -0.99 0.99 
3rd  ͳͲǤͻͻ 1 -1 -1 1 
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9.4 Appendix 4: On wafer calibration 
Calibration is used to remove the inherent errors in the measurement systems. These 
errors include those caused by connectors as well as internal systems RF leakage, IF leakage, and 
component interaction.  
9.4.1 Calibration substrate 
Standard elements for calibration of microwave measurements system consists of opens, 
shorts, matched load, and through. These four elements have electrical characteristics that are 
very different from one another so that each one by itself contributes an important part to the 
calibration. In principle any sets of standards could be employed, but the more identical they are 
the less accurate the calibration. Some of the main calibration methods are given in Table 9.4. 
Table 9.4: Types of calibration. 
Calibration technique Details 
SOLT Short        Open Load   Thru   
SOLR Short        Open        Load Reciprocal 
LRM Line        Reflect      Match  
LRRM    Line         Reflect    Reflect Match 
TRL Thru        Reflect      Line  
 
 The calibration substrates that can be used for this measurement are given in Table 9.5. 
These substrates are designed to accommodate probes with different tip spacing, ranging from 75 
to 1250 μm, with ground-signal-ground tip configuration.  
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Table 9.5: Calibration substrate selection guide (http://www.ggb.com/). 
Calibration 
substrate 
Pad size 
(μm) 
Calibration Types 
Supported 
Footprint Pitch Range 
(μm) 
CS-5 50x50 SOLT, LRL, LRM GSG 75-250 
CS-9 100x100 SOLT, LRL, LRM GSG 250-600 
CS-11 150 x 150 SOLT, LRL GSG 400-1250 
 
 
9.4.2 Cs-5 calibration elements 
Figure 9.3 and Table 9.6 show the elements and details for GGB CS-5 calibration 
substrate.  
Table 9.6: List of calibration element used for GGB CS5 Calibrations. 
Number Structures Number Structures 
51-56 Open 61-66 Short 
71-76 Load 81-86 Thru 
100 Line 500um 101 Line 1000um 
102 Line1500um 10 Line 6600um 
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Figure 9.3: Layout of GGB CS5 Calibration Substrate. 
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9.5 Appendix 5: MSA 400 
9.5.1 MSA 400 configuration 
The MSA 400 laser vibrometer is installed on an optical table in order to rid out of the 
noise. It comprises of Microscope scanning mirror and laser feed, laser source, vibrometer 
controller and a junction box (Figure 9.4.a-d). Details are given as bellow: 
x Scanning unit 
The scanning unit comprises of optical microscopes and it is connected to the laser source 
via glass cable. The laser beam which is Helium-Neon can be moved across the surface of 
interest through the microscope (Figure 9.4.a).  
x Vibrometer controller (OFV 5000) 
The vibrometer controller provides signals and power for the sensor head, and processes 
the vibration signals (Figure 9.4.b). These are electronically converted by specially developed 
decoders within the controller to obtain velocity and displacement information about the test 
structure. It has three types of decoders: velocity decoders, displacement decoder and auxiliary 
decoders. 
x Junction box 
The junction box is an interface between Sensor Head, Vibrometer Controller and the 
Data Management System (DMS) (Figure 9.4.c).  
x Laser source  
The OFV551 is used as a laser source or interferometer. The OFV-551 sensor head 
utilizes flexible fibre optics terminated with a focusing lens to deliver the laser probe to the 
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measurement point and to collect the reflected light as an input to the interferometer (Figure 
9.4.d).  
 
 
Figure 9.4: MSA 400 set up. (a) Scanning unit. (b) Vibrometer controller (OFV 5000). (c) 
Junction box. (d) Laser source (OFV 551). 
9.5.2 Parameters for the set up 
The excitation can be grouped in four classes and details are given in Table 9.7. For our 
measurement we used the Periodic chirp excitation signal. This signal is periodic which is used 
to measure the excitation at all frequencies of interest because the magnitude of excitation is the 
same for all frequencies. The excitation and the response are measured without leakage effects 
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after waiting for steady state conditions. The use of rectangle window is required. Details are 
given in Table 9.8. 
 
 
Table 9.7: Class of excitation. 
class Signal Comments 
Harmonic Sine, Sweep Excite at single frequencies 
 
Periodic Pseudo 
Random 
Periodic chirp 
 excite at all frequency with the same magnitude 
Transient Burst chirp Signals excite a short vibration which dies out.  
Random White noise Died out non-linear non linear distortion 
 
 
 
Table 9.8: Details of the signal. 
Signal Class RMS to peak Leakage Recommended window 
Sine Harmonic 0.7 no Rectangle 
Sweep Harmonic 0.7 yes Hanning 
Pseudo 
Random 
Periodic 0.25 no Rectangle 
Periodic chirp Periodic 0.5 no Rectangle 
Burst chirp Transient 0.35 no Rectangle 
White noise Random 0.25 yes Hanning 
Burst random Transient 0.2 no Rectangle 
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